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ABSTRACT

15227

The most significant achievement of this program has been the devel-
opment of a zirconium phosphate membrane impregnated with catalyst which
can perform in a fuel cell at 0. 77 to 0.78 volts at 30 ma/cm2. This type of
fuel cell can operate continuously for at least 1200 hours and has a capability
of operating at a temperature of as high as 151°C. Extrapolations of enhanced
electrocatalytic activity (i.e., higher catalyst loading in the membrane) and
lower membrane resistivity down to the 1 ohm-cm level indicate that a fuel
cell performance of 0.840 to 0. 850 volts at 30 ma/cm2 and 0. 820 volts at
50 ma/cm2 should be possible for the inorganic membrane fuel cell. What
is most unusual about the membrane is its high strength and favorable con-
ductivity and stability. The incorporation of the zeolite component is con-

ducive particularly to the latter. (Cm
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1.0 SUMMARY AND CONCLUSIONS

The most significant achievement of this program has been the
development of a zirconium phosphate membrane impregnated with catalyst
which can perform in a fuel cell at 0. 77 to 0.78 volts at 30 ma/cmz. This
type of fuel cell can operate continuously for at least 1200 hours and has a
capability of operating at a temperature of as high as 151°C. Extrapolations
of enhanced electrocatalytic activity (i.e., higher catalyst loading in the
membrane) and lower membrane resistivity down to the 1 ohm-cm level
indicate that a fuel cell performance of 0.840 to 0.850 volts at 30 ma./cm2
and 0. 820 volts at 50 ma,/cm2 should be possible for the inorganic membrane

fuel cell. What is most unusual about the membrane is its high strength and

favorable conductivity and stability. The incorporation of the zeolite component

is conducive particularly to the latter.

The following is an outline of the specific results and accomplishments

of this program.

1.1 Membrane Composition, Fabrication and Evaluation Studies

On the basis of prior experience, it was decided to prepare
membranes in the following manner. A mixture of zirconia and phosphoric
acid was sintered. After being ground to a fine state, the sintered mixture
(hereafter referred to as '"pre-sintered'') was mixed with equal parts by weight
of phosphoric acid and ""Zeolon-H'". Then, the final mixture was sintered.
The principle objective at the start was to determine the effect of various
zirconium dioxide-phosphoric acid mixture ratios as well as processing
sintering temperatures on certain properties of the composite zirconium
dioxide-phosphoric acid-''Zeolon-H'" membrane. The concentration of zir-
conia in the pre-sintered mixture was varied from 30 to 85%. Such properties
as transverse strength, resistivity and hydrolytic stability were studied.

Significant results are outlined below.

Transverse strength: Maxima were obtained when the concen-
tration of zirconia in the pre-sintered mixture was at 50% and in the 80 to
85% range, depending on the pre-sintering temperature. Both maxima were
at similar levels of 5,000 to 5,500 psi. Under special conditions, it was
possible to prepare membranes having transverse strengths as high as
9,500 psi.

SM-46221-F 1



1.2 Membrane Resistivity

Measurements were performed at 700, 900 and 105°C at relative
humidity ranging from 26 to 83%. Generally, resistivity values are independent
of membrane composition when sintering temperature is equal to or less than
500°C. At sintering temperatures of 800°C, however, resistivities increase
with increasing zirconia concentration. Pre-sintering temperatures of the
initial zirconia-phosphoric acid mixture have little or no effect on resistivity.
Sintering temperature of the final mixture invo’lving ""Zeolon-H'" has a significant
effect on resistivity. Resistivities increase with sintering temperature to the

largest extent when the sintering temperature increases from 500°C to 800°C.

The membrane system comprised of zirconia and phosphoric acid
in a 50/50 weight ratio in the pre-sintered mixture was analyzed most
extensively as it was selected for most of the fuel cell studies. Relationships
between membrane resistivity and relative humidity and Arrhenius plots
relating resistivity with temperature indicate strong tendencies for membrane
resistivities to decrease with increasing temperature, at higher relative

humidities. A resistivity as low as 20 ohm-cm was obtained.

1.3 Hydrolysis Studies

Membranes were analyzed for percent of phosphoric acid liberated
after immersion in water heated at 73° to 75°C for two hours. In addition a
number of membranes were analyzed for phosphate content after being used in

a fuel cell run.

Membrane composition and pre-sintering temperatures have
relatively little effect on the extent of phosphoric acid liberated. However,
sintering temperatures do exert a controlling influence, except when the ratio

of phosphoric acid to zirconia in the pre-sintered mixture is above one.

As for membranes evaluated at the end of fuel cell runs, it was
found that a small loss in unreacted phosphoric acid can occur gradually
during fuel cell operation. The loss in phosphate content appears to be that
of free unincorporated phosphoric acid which apparently does not serve a
critical function. This is borne out by a significant experiment wherein a

membrane which had lost 5. 5% of its weight in phosphoric acid by prior

SM-46221-F 2



soaking in water at 75°C manifested comparable performance to that of a

corresponding untreated membrane for at least 300 hours.

1.4 Fuel Cell Tests Including Life

As mentioned above, on the basis of its having the most favorable
combination of such properties as transverse strength, and conductivity as well
as manifesting favorable performance levels in preliminary fuel cell tests, the
membrane system comprised of a 50/50 ratio of zirconia and phosphoric acid
in the initial "pre-sintered" mixture was concentrated on in this part of the

investigation.
The following are the significant details of this effort.

(1) Fuel Cell tests were conducted in three different types of
single laboratory fuel cells wherein the free gas volume for both hydrogen and
oxygen chambers ranged from 2. 31 in3 to 0. 60 in3. The membrane diameter
Was constant at two inches except for the test noted below under (8). Heat and
mass transfer calculations indicated that the compact design (0. 60 in3 free
gas volume) should be preferred. It happened that the best performance was
obtained with that type of fuel cell. However, the overall correlation of
experimental data indicated that with all other conditions remaining constant,

the fuel cell design was not particularly critical.

(2) Membrane thickness had little if any effect on fuel cell
performance up to about thickness levels 0. 75 mm for the specific cell con-
figurations employed. At thickness levels in the range of 0. 75 mm to 1.0 mm
there was a slight effect but, still, increasing resistance was not proportional
to the increase in membrane thickness. Contact resistance among the integral

components of the fuel cell remained an important factor.

(3) Impregnation of platinum black into the membrane structure
by a sintering technique is conducive to the stability of fuel cell performance.
The best performing membrane contains 20% platimirn black impregnated to a
depth of about 5 to 10% of the total membrane thickness on both sides. This
quantity of platinum, constituting about two percent of the total membrane
weight, is of the order of 0.07 grams per membrane. A separate tantalum

screen-platinum black-Teflon electrode structure is pressed up against this

SM-46221-F 3




membrane. Evidently the critical reaction zone is near the surface of the
membrane. Deeper penetration of the membrane with catalyst material

affords no further advantage.

(4) Waterproofing of platinum impregnated membranes with
Teflon was conducted at 25°C and 65°C. Some enhancement of performance

was observed at the lower temperature.

(5) Cycling this fuel cell between 65° and 102°C has no significant

effect on fuel cell performance.

(6) Constant performance levels of up to 151°C were obtained for
the platinum biack impregnated-membrane (penetration of platinum black to a

depth of 5% of the total membrane thicknes s).

(7) Fuel cell performance improved with increased gas free-
space in the backup plate, providing there was no loss of total contact area

between electrode and backup plate.

(8) A four-inch diameter platinum black-impregnated C200B
membrane was successfully evaluated in a new enlarged version of the
Astropower compact fuel cell. The maximum voltage was 0.724 volts at

30 ma/cmz for over 200 hours of continuous operation at 65°C.

(9) In further efforts to improve fuel cell performance, fifty-
mesh tantalum screen electrodes were evaluated by three different methods
for incorporating platinum black catalyst into the screen matrix, i.e.,
electrodeposition, paste and sintering techniques. It was found that all of
the techniques gave comparable fuel cell performance. Loading with platinum
black catalyst to the extent of 20 to 30 mg/cm2 appears to be in the range for
optimum performance. Silicone resins are about as effective as Teflon for
waterproofing purposes in the screen matrix., 304 Stainless Steel (160 mesh)
shows some promise as a potential electrode material for this membrane

system.

(10) Unitized membrane-catalyst-electrode systems with the
three components fused together through sintering did not exhibit significantly
promising fuel cell behavior. A distinct interface between membrane and
electrode surfaces may be necessary for adequate fuel cell performance; this

may be a requirement for the three-phase reaction involved.
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(11) Experiments that were carried out with gold screen
electrodes did not offer any significant improvement in performance over

tantalum electrodes.

(12) Palladium black is about as effective as platinum black in

promoting fuel cell performance.

(13) Particular attention was given to the 50/50 platinum-
palladium catalyst mixture incorporated in both the membrane and porous
electrode surface. Although low ohmic resistances were observed for this
system, the open circuit voltages were below 0.8 volts. Therefore the overall

performance was not as high as has been obtained with either catalyst by itself.

(14) Sixteen tests were run for at least 300 hours continuously
over temperatures ranging from 25°C to 103°C at either 0.5 volts or at
constant current density of 30 ma/cmz° There was no evidence of membrane
hydrolysis but rather of a slight, gradual evolution of phosphoric acid. This
acid apparently was uncombined and does not govern the strength or conductivity
of the membrane. Measurements of the amount of acid lost during such life

tests indicated that this amount was not related to fuel cell performance.

(15) Studies involving the superimposition of a small A.C. signal
at 104 C.p.s. during fuel cell operation were conducted in order to separate
the ohmic resistance from the resistance due to the polarization effects which
occur during fuel cell operation. Some understanding of their relative contri-
bution towards the overall fuel cell resistance was obtained. It was found that
from 20 to 50% of the overall fuel cell resistance was due to the ohmic
resistance of the membrane.

1.5 Optimization in Performance and Recommendations for
Future Work

It was found that a well-formed membrane afforded highly stable
performance over 300 hours of continuous operation. Analysis of the results
indicated that continued research with the inorganic membrane fuel cell should

involve three main areas of investigation, i.e.,

(a) Zirconium phosphate membranes should continue to be

investigated from the standpoint of incorporating other zeolite materials than

SM-46221-F 5




Zeolon-H. Hopefully a more effective water-balancing agent could be found

which would lower membrane resistivity to the one ohm-cm range.

(b) The study of the relationship of backup plate design should
be continued from the standpoint of imprbving the rate by which reactant gases

reach active catalyst sites.

(c) The use of American Cyanamid Type AA-1 platinum black
gas diffusion electrodes should be extended to higher catalyst loaded structures,

especially in the 20 to 30 mg/cm2 range.

SM-46221-F 6



2.0 INTRODUCTION

That inorganic membranes can be successfully employed as electrolytes
in hydrogen-oxygen fuel cells over the temperature range of 25° to 151°C has
been established at Astropower Laboratory during the past three years. (1)
During the period, mechanical strength, conductivity and chemical stability
have been brought to significant operating levels. This report covers the
progress made during the period July 1964 through September 1965 under
NASA Project NAS 3-6000 and is the final report for this program. (2,3, 4,5)

The impetus behind the selection of inorganic membranes as a means
to achieving improved fuel cell performance can be mentioned briefly. They
are insensitive to'oxidation both from a chemical as well as electrochemical

standpoint and their dimensional, thermal and radiation stabilities are high.

During the early stages of the work at Astropower in 1963, it was felt
that the inorganic membrane must assume a bifunctional character. (1) First,
a strong skeleton network is required to provide necessary physical strength
and ionizing functions for establishment of an electrolyte conducting system.
Second, an intrinsic or incorporated water-balancing agent which can retain
sufficient water in the membrane to allow for appropriately high conductance
levels during fuel cell operation, was required. It has been found during the
course of our efforts, that indeed both conditions must be present for successful
fuel cell operation. The principal advantages to be gained from the use of solid
electrolytes in fuel cells are compactness, simplicity of design and freedom

from zero gravity limitations.

The first ion membrane fuel cell involving hydrogen and oxygen was
described in 1959, (6,7) and its capability in a regenerative fuel cell was
described initially in 1960, (8) The device involved the use of an organic
cation exchange membrane derived from sulfonated phenol-formaldehyde
polymers. This membrane system lacked strength and was unstable at
slightly elevated temperatures. Temperature limitations characteristic of
organic polymeric ion exchange membranes remain up to the present time.
Efforts have been made to alleviate the problem through such innovations as
the Hydrogen-Bromine Fuel Cell (HBFC) and the Dual Membrane Fuel Cell
(DMFC). (9,10) In the former, a sulfonated polystyrene cation exchange
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membrane separates the anode from the cathode compartment comprised of an
aqueous solution of bromine and HBr. In the DMFC unit, two of the same type
of sulfonated polystyrene cation exchange membranes separate the anode from
the cathode with an intervening 6N HZSO4 solution between the membranes,
The various advantages and disadvantages of both the HBFC and DMFC

systems have been discussed by Berger, et. al. (9,10, 11)

The original pioneering work on the use of zirconium phosphate as cation

exchange material was performed by Kraus, (12) Amphlett, (13) and Larsen and

(14) (

phosphate under various conditions of hydration and found, that at the highest

Vissers. Hamlen 15) has made a study of the conductivity of zirconium

level of hydration, the mechanism of conductance corresponded to that in an
(15) (16.17) 11 1961 to 1962

were the first to use solid zirconium phosphate membranes in hydrogen-oxygen

aqueous phase. Hamlen and Dravnieks and Bregman
fuel cells at ambient temperature. The performances were relatively low and
the membranes were rather weak; however, most significantly, it was demon-
strated that the use of such membrane systems was feasible in fuel cell

application.

What highlighted the first two years' effort at Astropower(l) was the
preparation of zirconium phosphate membrane materials through the reaction
of phosphoric acid with zirconia and zeolite water-balancing agent resulting in
transverse strengths that ranged as high as 6000 psi and resistivities as low
as 6 x 10 ohm-cm level at 90°C and 50% relative humidity. It was possible
for this type of membrane to perform in a laboratory type fuel cell fixture for
eight days over the temperature range of 65° to 107°C with hydrogen and oxygen

at a current density as high as 53. 3 ma./crn2 at 0.5 volts,

By the start of the current program, it appeared that fuel cell perform-
ance improved with increase in transverse strength, provided the resistivity
of the membrane did not vary significantly. It was felt that continued study of
the relationships among membrane composition, particle sizes and their
distribution and sintering temperatures would afford membrane structures
having transverse strengths of up to 10,000 psi with accompanying favorable
conductance levels. In addition, three major task efforts were set according

to the following plan.
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TASK 1

Determine the proper catalyst and electrode for use with the inorganic
membrane. A number of methods for incorporating the water with the electrode

structure shall be investigated, including at least the following:

A. Coating of the wafer with the electrode and catalyst.
B. Use of a fine mesh metal screen coated with catalyst.

C. Embedding of the electrode-catalyst combination in the wafer.

At least three catalysts or combinations shall be evaluated to determine

which provide the best performance under load conditions (50 ma/cmz).

The work shall be directed toward obtaining good intimate contact
between electrode and electrolyte and proper catalyst application for optimum

fuel cell operation.
TASK 1I

Using the combinations (catalyst, electrode, wafer) developed in Task I,
at least ten single cell fuel cells shall be run for life testing, noting the operating
performance, test conditions and modes of failures. The objective of this task

is to obtain optimum performance from single unit fuel cells.

The goal for life testing shall be at least 300 hours for each cell. The

life testing shall be run in a range of 25 to 50 ma/cm2 current density.
TASK III

This part of the program shall be concentrated on further optimization
of the electrolyte, by investigating the physical and chemical characteristics
of the wafer in a fuel cell environment. A number of questions shall be

answered:

A. What weaknesses develop and how can they be corrected?
Does hydrolysis of the materials occur?
What is the effect of hydrolysis?

What is the change in ion exchange capacity with time?

MY o

°

Do we see an increase of resistance with time due to other
factors besides hydrolysis?
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The maximum wafer size shall be determined and handling problems
evaluated. The effect of size increase on the physical and chemical properties

shall also be investigated.

Maximum size to be evaluated shall be an eight inch diameter or eight

inch square membrane.

As a result of a meeting held at Astropower on November 19 and 20,
1964 with NASA-Lewis representatives, it was decided to terminate membrane
improvement studies at that point. Thereafter, the best system devised had a
transverse strength of 5,000 to 6, 000 psi and was used for the remainder of the
program. The major effort was on Task I as well as on improved fuel design

in an attempt to achieve the maximum possible performance for this membrane.

Essentially, these goals have been reached. This report describes all
of the work and concludes with recommendations for further course of action

involving the inorganic membrane fuel cell.
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3.0 THEORETICAL BASIS AND CONSIDERATIONS

3.1 Inorganic Membrane Structure
2, (18,19)

At Astropower in 196 it was reasoned that zeolites had

the ability to retain water at elevated temperatures and possessed good ionic
conducting properties. However, it was necessary to resort to the use of a
binder in order to be able to retain the zeolite in membrane form. Then, our
early experimental work showed that such synthetic zeolites as Linde '""Molecular
Sieves'' and Norton '"Zeolon-H'" had relatively low electrical conductivity.
Further, exploratory studies indicated that metallic oxide-phosphorus acid
systems were likely candidates as electrolyte inorganic conducting matrices.
Among the metallic oxides, zirconium dioxide appeared to have promising
properties in proprietary investigations.

Zirconium phosphate may be prepared by two possible methods.(zo)

By one method, the salt such as zirconyl chloride or zirconyl nitrate is
precipitated from acidic solution either by addition of phosphoric acid or of
some soluble phosphate. In the second method zirconia is treated with
phosphoric acid. The form of zirconium phosphate obtained by the second
approach is more stable to hydrolysis but has less ion exchange capacity than
that obtained from the zirconyl salt. Because of the prospects of obtaining:
stronger and more hydrolytically stable membranes by the direct addition of
zirconia to phosphoric acid, that procedure was used exclusively in the current
program. Within the general framework of the procedure were instituted
certain critical sintering and blending techniques for achieving over-all

desirable characteristics for working fuel cell operation.

Evidence in favor of the condensation of acid phosphate groups
to hydrophosphate by heating is obtained from infra-red spectra. It has been
demonstrated that approximately 20% of the phosphate groups are condensed
at 260°C and about 60% are condensed at 450°C. Therefore, atleast part of
the weight loss at relatively low temperature is due to constitutional water

21)

formed on condensation of acid phosphate groups. (
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Paterson 22z) has described a structure in which the ratio of

phosphate to zirconium is 2:1, corresponding to the form

HO\P/O Z'O‘r O\P/OH
NN\,

This is a material known to be capable of undergoing slow hydrolysis in solution.
The hydrogen ions as shown are capable of undergoing exchange with other ions
such as cesium.. The relative availability of replaceable hydrogen ions seems

to increase with increasing pH.

(23)

zirconium phosphate materials tended to a limiting ratio of phosphate to

Baetsl€ and Pelsemaekers in their attempts to prepare
zirconium of 2:1 in their freshly prepared precipitates when phosphate was

in appreciable excess. However, continuous washing caused the material to
approach a composition whereby the ratio of phosphate to zirconium was 1. 67,
suggesting that the latter material may contain a trimeric unit based on the

structure

[(zr0), (OH)Q+3

in which phosphate groups have replaced hydroxyl groups.

Michae1(24) has considered that phosphate groups replace
coordinatively-bonded water molecules, only in trimeric units to give a ratio
of PO4:Zr = 1.67. On heating, this material, as prepared in acid solution,
produced zirconium pyrophosphate, ZrPZO7, while that prepared from
alkaline solution appeared to give the orthophosphate Zr3 (PO4)4° Generally,
it is conceded that for zirconium phosphate, the range of possible compositions
and structures is wide, with each type of structure being sensitive to the

method of preparation.

At Astropower, it has been found that the zeolite material,
'""Zeolon-H, " being a complex alumino-silicate can be cemented by phosphoric

acid units into a membrane of intermediate strength having significantly high
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conductive properties. (1) Ultimately, it developed that a membrane made
from equal amounts of zirconium dioxide, phosphoric acid and '"Zeolon-H"
had transverse strength levels of over 5,000 psi. The formulation of these
three components into a membrane structure has served as the mainstay of
this program during the past two years. Based on the structural considera-
tions outlined above, it may be reasoned that the membrane consists of
particles of '"Zeolon-H'" and unreacted zirconia embedded in the "acid-salt"
cement. The cement forms when oxygen atoms of the phosphate tetrahedra in
the phosphoric acid molecule occupy, by condensation or displacement during
sintering, corners of the zirconate or aluminate tetrahedra in the metallic
oxide structures. Figure 1 is a representation of this structure. Another
representation, Figure 2, shows how the phosphoric acid molecules can enter
the hollow interconnecting cavities of the zeolite. In this manner some of the
water of crystallization is displaced and the phosphoric acid reacts with the

inside walls of the cavities to become attached acid phosphate groups.

At Astropower, such techniques for producing inorganic mem-
branes from this three component system as hot pressing, cold pressing and
sintering, or by casting and sintering have been investigated. Optimum
properties such as high transverse strength and low resistivity were obtained
by either cold pressing and sintering or by casting and sintering. Maximum
transverse strengths of 5,000 to 6,000 psi were reached with stabilized
zirconia. Under special conditions, the transverse strength could be elevated
to above 9, 000 psi by further treatment with phosphoric acid followed by

sintering at 500°C for at least two hours.

It appears that reactivity with phosphoric acid is enhanced by
the use of smaller crystalline-sized zirconia. This affords more reaction
sites for the phosphoric acid; stronger membrane structures are obtained in
this manner. The development of strength producing bonds between zirconia
and phosphoric acid occurred during the sintering rather than during the
material drying and mixing stages. Sintering temperatures in the 300° to
800°C range have produced strong membranes having resistivities as low as

20 ohm-cm at 73% relative humidity and at 105°C.
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Figure 1. Structure of Phosphate Bonded Inorganic Fuel Cell Membrane
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3.2 Ion Transport Phenomena Through the Zirconium Phosphate
Membrane

The mechanism of ion transport through the zirconium
phosphate membrane is determined by the mode of membrane fabrication.
The zirconyl nitrate-phosphoric acid reaction product having the postulated

structure

r— -
?PO3H2
-0- ZR - O -Zr-

|

_ OPOH, ]

consists of zirconium atoms connected through oxygen bridges and holding
phosphoric acid radicals. As this systemis hydrated, it becomes ionically
conducting as hydronium ions move from one exchange site to another and the
acid radicals remain fixed on the zirconia matrix structure. Depending on
the mole ratio of PO /Zr, (4 to 2), the cation exchange capacities range from

(2

exchange capacities, the resistivity of such membranes is quite high, i.e.,

4 to 3, as measured at Astropower. 5) Despite such relatively high cation

2 1000 ohm-cm. This is manifested by the relatively low fuel cell performance

(17)

of 0.75 volts at 10 ma/cmz

(15)

as obtained by Dravnieks, Boes and Bregman
which could not be maintained consistently. Hamlen performed conductivity
measurements on zirconium phosphate compacts made from material precipi- .
tated from zirconyl nitrate and phosphoric acid. The composition of the soaked
compact was approximately ZrO (HZPO4)2 - 3.6 HZO" It was found from
Arrhenius plots of the conductivity-temperature relationship that the activation
energy for conductance decreased from 9.8 k cal/mol for the original material
dried at 60°C and having the structural formula ZrO (HZPO4)201, 6 HZO to

2.6 k cal/mol for the soaked material. Actually, the activation energy for

the soaked material is in the range of that value for the variation of conductance

with temperature in aqueous solutions. However, the measured specific

resistance of this soaked membrane was 550 ohm-cm.

(26

Freeman and Stamires ) have carried out an extensive
study of the conductance of various crystalline zeolites in several different

ion exchanged forms. Their results were in agreement essentially with those
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(27) (28)

previously obtained by Rabinowitsch and Wood and Beattie and Dyer.
Electrical conduction in zeolites occurs by migration of cations. The diffusion
of cations along a potential gradient through the large intracrystalline channels
could be described either as surface diffusion or interstitial diffusion. The
occurrence of mass transfer (hydronium ions) rules out cation vacancies or
negative holes (electrons) as the principal charge carriers. As observed by

(15)

that increased adsorption of water at ambient temperature resulted in a sharp

Hamlin in the case of zirconium phosphate, it was found for the zeolites,
increase in conductivity and a continuous decrease in the activation energy for
conductance until the value of that for aqueous solution is obtained for complete
hydration, It was indicated that the zeolite channel size has an important
effect on both conductivity and activation energy; a larger channel size would

enhance conductivity for steric reasons.

During the course of ion exchange capacity studies performed at
Astropower, it has been found that the ion exchange capacity of a composite
zirconium phosphate-''Zeolon-H'" membrane obtained by sintering techniques
was merely 0.5 meq of Na+ per g. of membrane material. The capacity of
the zirconium phosphate, comprising 50% of the total membrane material had
been measured as 3.0 meq/g as prepared from zirconyl nitrate and unsintered.
This demonstrates a significant reduction in ion exchange capacity occurs both
on sintering and diluting with zeolite material. However, as will be demon-
strated in the experimental section of this report, the resistance of the

membrane is significantly reduced to below 100 ohm-cm.

Therefore, ion exchange membranes can perform as suitable
solid phase fuel cell electrolytes only by permitting the migration of ions to
occur by an aqueous phase conductance mechanism through the pores, since,
under acid conditions, hydrogen ions must be transported from anode to
cathode to form the product water, Themembrane must provide for optimum
hydrogen ion transfer conditions. This would be-achieved under conditions
whereby the transference number is unity for the hydrogen ion in an aqueous

phase mechanism.,
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3.3 General Considerations, Electrocatalysis — Present State
of Understanding

Porous gaseous diffusion electrodes have been successfully used
in hydrogen-oxygen fuel cells. A three phase boundary involving electrode,
electrolyte and gas may be depicted for the critical reaction region as shown

(33) that about 90% of the reaction of hydrogen

in Figure 3. It has been shown
on platinum in sulphuric acid occurs as shown in Figure 3, which is about
0. 6 mm in length and corresponds to a film of a few microns thickness of

electrode surface.

Porous electrodes have been prepared from sintered metals,
porous carbon and from porous or electrochemical deposits on supporting grid
materials. The latter type involving platinum deposits have been successfully

used in ion exchange membrane fuel cells.

For low temperature electrochemical conversion, considerable
overpotentials exist for all systems except for that of the hydrogen electrode.
For example, in the work described by Bockris and co-workers(zg) for the
hydrogen-oxygen reaction at 67°C, the reversible cell potential is 1.197 v,
but at a current density of 350 ma/cmz, the total overpotential except IR drop
is 0.515 v and the loss in energy conversion due to inadequate catalysis is
43.1%. This is caused by the inadequacy of the oxygen electrode, which is

particularly pronounced under acidic conditions.

In the case of the acid membrane electrolyte system, the

chemical reactions at each electrode are:
Cathode:

s .
H,0" +1/20, +2 e = 3H,0 (1)

Anode:

+
H, + 2H,0 = 2H,0" +2e (2)

From free energy data, the standard reduction potentials

(-E values) can be calculated (Latimer, 1952(30)) in acid solution to be:

O. +4H  +4e - 2H,O, -E° = 1.229 volts (3)

2 2
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The classical work of Berl (1943)(31) has shown that the true
primary oxygen electrode mechanism involves a peroxide ion product according
to the equation:

O, +H

2 ,O +2e = HO,” +OH", -E® = 1.076 volts (4)

It is claimed that in acidic solutions the reduction of oxygen is
far more difficult than in alkaline media due to the fact the peroxide formation
step proceeds with a high degree of irreversibility. In addition, the peroxide
ion as shown above (HOZ)- is very stable in acids. In order to be able to
approach the theoretical open circuit standard e. m.f. of 1.229 volts, it is
necessary for the steady state concentration of peroxide ions to be below 10-10
molar; apparently, acidic conditions are conducive to the maintenance of a

higher steady state concentration of peroxide ions.

During the process of electrocatalysis, the following are the
three main steps involving the reactant gas-electrode-catalyst-product

configuration.

(a) Adsorption
(b) Electron Transfer

(c) Desorption

When the rate-determining step involves adsorption or desorption of reactants
or products, the lattice spacing of the catalyst influences the reaction rate.
For dissociative adsorption, the activation energy of adsorption is at a
minimum for certain lattice spacings since atlarger distances, dissociation
would have to occur before adsorption and at smaller spaces, forces of
repulsion retard adsorption. In the case of hydrogen, adsorption apparently
involves more than one point attachment and lower heats of adsorption and
thus, higher reactivity will result when the molecule is strained by inadequate
distances between adsorptive sites. For the case of oxygen only one point

attachment may be involved.

As for the electronic factors, the unpaired ''d" vacancies and
the work function of the catalyst are the controlling factors. As the number

of '"d" vacancies decrease, the heat of adsorption of the surface radicals
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decreases and there is a corresponding increase in reaction rate. This is why
the Group VIII transition elements are important electrocatalytic materials.
Most significantly, when they are alloyed with a Group Ib metal such as copper
or silver, the Ib metal adds an '"'s'" electron which fills a "d" vacancy. Thus,
the '""d" character of an alloy can readily be varied. In such systems as Cu-Ni
and Pd-Ag mixtures, there are beneficial changes in '""d'" character with little
change in internuclear distances. If the rate-determining step of an electro-
catalytic reaction involves desorption of an adsorbed radical, the rate should
increase as the '"d" vacancies decrease until a point is reached at which there

are insufficient ''d" vacancies for adsorption.

The work function is the second electronic factor in catalysis.
The work function is significant if the adsorbed or desorbed species is ionic.
Increasing work function is conducive to low heats of adsorption or desorption
for negative ions and corresponding high heats of adsorption or desorption for
positive ions. Quite frequently, geometric configuration, work function and
'""d" band vacancies are interrelated and dependent on each other. If the rate-
determining step in an electrocatalytic reaction were known, then the particular
catalytic material offering the best combination of geometric and electronic

characteristics could be selected for achievement of reaction efficiency.
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4.0 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Membrane Composition and Fabrication Studies

At the start of the current program it had been established from

(1)

the previous work that the degree of reactivity of hydrous zirconium oxide
(zirconia) played an important part in the ultimate strength of the membrane.
Strength differences of as much as 1200 psi were observed as a function of
initial starting materials. The reason was that if the reactivity of the starting
materials is dissipated by hydration of active zirconia sites, it is difficult for
phosphate linkages with phosphoric acid to be formed. This had resulted in the
ultimate selection of a standard optimal form of zirconia. In addition, it had
been found that the optimum point for reaction to occur between the zeolite, the
zirconia and the phosphoric acid is the period after formation of the disc when

it is fired in the furnace at 300° - 500°C. The formulations must be dried

after mixing and if reaction is allowed to occur at this stage, as is manifested
by high exotherms and rigidification, then the linkages which are formed do

not contribute to the required geometric form of the membrane at the sintering
stage where the permanent structure is determined and the ultimate strength

is developed. Then, efforts were made to minimize any reaction during the
early stages of the formulative procedure such as by '""dry" mixing of ingredients
or by removing water from the mixture by vacuum drying. Membranes prepared
in such a manner manifested transverse break strengths of 6,000 psi, a 100%

improvement over comparable formulations dried at 150°C.

It was found that increased sintering temperatures produced
higher transverse strengths but at sintering temperatures above 5000'Cv, a
decrease in conductivity occurs. It was planned to simultaneously evaluate
the conductivity with the strongest and most conductive membrane systems
ultimately being used in fuel cell evaluations.

Based upon fundamental as well as the practical considerations

(1)

gleaned from the previous program'"’, it was decided in the current program
to prepare membranes according to the following procedure. A mixture of

TAM C. p. erO2 and phosphoric acid was sintered. After being ground to a
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fine state, the sintered mixture was mixed with equal parts by weight of
phosphoric acid and '""Zeolon - H'. Then, the final mixture was sintered. It
was necessary to establish the optimum initial mixture ratio of zirconia to
phosphoric acid, and optimum first and second stage sintering temperature.
Other possible variables such as particle sizes and their distribution, relative
amounts of zirconium phosphate, phosphoric acid and '"Zeolon - H"' and in fact,

the nature of the zeolite material had been considered in the previous program.(l)

The following specific program plan was established and effected

during the first-third of this contract.

An initial mixture of TAM C. p. ZrO2 and H3PO4 was prepared
at ratios ranging from 85/15 to 30/70 and sintered at levels of either 200°C
or 6000C. In one instance, i.e., the 50/50 mixture, sintering was performed
at 4OOOC and at SOOOC as well. Then, these presintered materials were
crushed and ground to minus 80 mesh and mixed with equal parts of H3PO4
and "Zeolon - H"'. This mixture was dried for 16 hours at 130°C and granulated
to minus 32 plus 80 mesh. Next, it was pressed at 15 tons load into a 2-inch
diameter membrane having a thickness of the order of 0. 7 mm. Finally, the
membrane was sintered for two hours at temperature levels of 300°c, 500°C
and 800°C. The various membrane structures prepared together with corres-
ponding processing temperatures are listed in Table I. The evaluation of these
membranes consisted of transverse strength, resistivity and hydrolytic stability

studies which will now be described.

4.1.1 Transverse Strength Studies

Measurements were made by the procedure described
in Reference 1 and given in Appendix A. Plots of transverse strength versus
percent zirconia in the presintered mixture are given in Figures 4a .and 4b for
the systems presintered at 200°C and 6000C, respectively. Maximum trans-
verse strengths of 5,000 - 5,500 psi occur when the concentration of zirconia
in the presintered mixture is 50% and in addition, when it is at the 80-85%

level.
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TABLE I

PRE-SINTERED MEMBRANE COMPOSITION
AND PROCESSING TEMPERATURES

Sintering

Sample Pre-Sintered Composition Pre-Sint%ring Temoperature

No. ZrOZ H3PO4, Temp.( C) ("C)
A200A 70 30 200 © 300
AZ200B 70 30 200 500
A200C 70 30 200 800
A600A 70 30 600 300
A600B 70 30 600 500
A600C 70 30 ~ 600 800
B200A 60 - 40 200 300
B200B . - 60 40 200 500
B200C 60 40 200 ‘ 800
B600A 60 40 600 300
B600B 60 40 600 590.
B600C 60 40 600 800
C200A 50 50 200 300
C200B 50 50 200 500
Cc200C 50 50 200 800
C400A 50 ' 50 400 300
C400B 50 50 400 500
C400C 50 50 400 800
c600A 50 50 600 300
C600B 50 50 600 500
cé600C 50 50 600 800
C800A 50 50 800 300
C800B 50 50 800 500
Cc800C 50 50 800 800
D200A 40 60 200 300
D200B 40 60 200 500
D200C 40 60 200 800
D600A 40 60 600 300
D600B 40 60 600 500

D600C 40 60 600 800

(cont. next page)
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TABLE I (CONT'D)

PRE-SINTERED MEMBRANE COMPOSITION
AND PROCESSING TEMPERATURES

Sintering

Sample Pre-Sintered Composition Pre-Sintgring Terréperature

No. ZrO2 H3PO4 ' Temp.( C) (C)
E200A 30 70 200 300
E200B 30 70 200 500
E200C 30 70 200 800
E600A 30 70 600 300
E600B 30 70 600 500
E600C 30 70 - 600 800
H200A 75 25 200 300
H200B 75 25 200 : 500
H200C 75 25 200 800
H600A 75 25 600 300
H600B 75 25 600 500
H600C 75 25 600 800
I200A 80 20 200 300
1200B 80 20 200 500
1200C 80 20 200 800
1600A 80 20 600 300
1600B 80 20 600 500
1600C 80 20 600 800
J200A 85 15 200 300
J200B 85 15 200 500
J200C 85 15 200 800
J600A 85 15 600 300
J600B 85 15 600 500
J600C 85 15 600 800
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It was possible to effect an increase in transverse strength
to as high as 9520 psi in the high zirconia content membrane systems (H, I and
J, Table 1) by application of the following procedure. The sintered membranes
were saturated with 85% phosphoric acid, oven dried at 110°C for two hours to
remove the moisture introduced by the 85% phosphoric acid and sintered finally
for five minutes at 500°C. This procedure was repeated three times. Trans-
verse strength obtained after the first and third impregnations are given in
Table II. Herein, the percentage increase in phosphoric acid content after the

first and third impregnation is included.

4.1.2 Resistivity Studies

Resistance measurements were performed on most of the
membrane systems listed in Table I at temperatures of 70°C, 90°C and 105°C
for relative humidities ranging from 26 to 83% by means of the procedure
described in Reference 1. An Electro-Measurements Incorporated Impedance
Bridge Model 290R was employed in conjunction with an A.C. Generator Model
860R which operates at a number of fixed tuned frequencies ranging from 400
to 10, 000 cycles. Bridge balance was detected by a Hewlett-Packard Vacuum
Tube Voltmeter, Model 400D.

Test membranes were held between platinym electrodes
having approximately 1.0 crn2 surface area. The membrane-electrode assembly
was placed in a furnace held at constant temperature by an electronic tempera-
ture controller. Nitrogen gas of accurately controlled humidity was passed
through the furnace to provide the desired relative humidity. The resistivity
was calculated from the membrane resistance meaasured by means of an al-
ternating current bridge circuit at 1,000 cps. The apparatus along with the

auxiliary instrumentation is given in Appendix B.

Resistivity values obtained as the average of at least two
determinations are given in Tables III - V, inclusive. From these results, it
appears that resistivity values are relatively independent of pre-sintered
zirconia/phosphoric acid starting composition ratios as well as pre-sintered
temperatﬁres when the sintering temperature is not higher than 500°C. However,
when the sintering temperature is as high as 800°C, it causes the resistance to

increase significantly when the pre-sintering composition is higher in zirconia.
g Yy 2 P
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TABLE 11

EFFECT OF IMPREGNATION BONDING ON THE TRANSVERSE
STRENGTH OF SINTERED FUEL CELL MEMBRANKS

Sample Modulus of Modulus of ~ Modulus of H, PO, Ab-
No. Rupture (psi) Rupture lst Imp Rupture 3rd Imp sorbed (%)
(psi) (psi)
HZ200A 2680 4300 6750 19.0
H200B 4350 4900 7600 23.8
H200C 4280 5100 9520 28.5
H600A 3900 4620 5380 20.1
H600B 2400 5100 6140 40.4
H600C 2860 3640 4300  48.5
I200A 3380 4100 4700 19,9
1200B 4800 5000 6180 23.8
1200C 3150 5200 6400 35.5
1600A 2720 3270 4380 35.3
1600B 3400 4970 6760 38.2
1600C 2870 4570 5900 52.3
J200A 4040 4800 5640 18.4
J200B 5250 5340 6380 26.6
J200C 3700 7950 6450 32.0
J600A 1200 2900 6920 44,2
J600B 1850 2950 7050 37.0
J600C 2100 3200 7500 40.0

*I200B 4610 4820 8100 32.6

*Membrane Composition 1/0.5/1 pre-sintered materia.l/H3PO4/ Zeolite
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TABLE III

INORGANIC MEMBRANE RESISTIVITY DATA IN OHM-CM
ON ZIRCONIUM DIOXIDE - PHOSPHORIC ACID MIXTURES

WITH PHOSPHORIC ACID AND "ZEOLON H'" AT VARIOUS
MIXTURE RATIOS AND SINTERING TEMPERATURES

Resistivities at 70°C and Relative Humidity of 80%

Sintering Temperature

Sample
Identification 300°C 500°C
A200 2.53 x 10° 5.99 x 10°
A600 6.47 x 10° 8.25 x 10°
B200 3.33 x 105 mmccecee-
B600 7.65 x 10° 9.46 x 10
C200 3,44 x 10° 4.97 x 10°
C400 4.53 x 10° 5.53 x 10°
C600 3,06 x 10° 4,58 x 10°
C800 4,69 x 10° 3.30 x 102
D200 5.71 x 10° 1,04 x 10°
D600 2.56 x 10° 1.82 x 10°
E200 3. 60 x 10° 8.47 x 10°
E600 1,22 x 105 eeemees --
Resistivities at 70°C and Relative Humidity of 64%
A200 2.50 x 10° 6.01 x 10°
A600 1.33 x 10° 7.90 x 10°
B200 3,25 x 102 eemmeeme-
B600 1.76 x 10° 9.62 x 10
C200 3.23 x 10° 5.31 x 10°
C400 3.97 x 10% 6. 48 x 10°
C600 3.09 x 102 4.10 x 10°
C800 4.44 x 10° 3.10 x 10%
C200 5. 65 x 10° 1.06 x 10°
D600 2.32x 10° 1.68 x 10%
SM-46221-F
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1.13x 10
8.05x 10

BN W W W w e w e N
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Resistivities at 70°C and Relative Humidity of 64% - cont'd

Sample
Identification

E200
E600

Sample
Identification

A200
A600
B200
B600

C200

C400
C600
C800
D200
D600
E200
E200

300°C 500°C 800°C

3,56 x 10% 8.79 x 102 emmmccceee-
1.19 x 105 emmmmcmeme emececaees

Resistivities at 700C and Relative Humidity of 40%
Sintering Temperature

300°C 500°C 800°C

2.57 x 10° 6.18 x 10° 1.68 x 10
1.04 x 10° 9.10 x 10% 6.77 x 10°
3,32 x 10°  eecmemea- 3.84 x 107
1.28x103 9,45 x 10 2.04:x105
3.57 x 102 5.48 x 10% 4.17 x 10°
4.09 x 10% 6.04 x 102 4.18 x 10°
3,57 x 10° 4.33 x 102 7.90 x 103
3,27 x 10° 3,27 x 102 1.42 x 10°
5. 66 x 10% 1.11 x 103 8.17 x 10°
2.62 x 10° 1.58 x 10> e
3.61 x 102 8. 82x.102 .........
9.45 x 10°2  mecmmceee emccece-
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TABLE IV

MEMBRANE RESISTIVITY DATA IN OHM-CM
ON ZIRCONIUM DIOXIDE - PHOSPHORIC ACID
MIXTURES WITH PHOSPHORIC ACID AND
'"ZEOLON H'" AT VARIOUS MIXTURE RATIOS
AND SINTERING TEMPERATURES

Resistivities at 90°C and Relative Humidity of 83%

Sintering Temperature

Sample
Identification 300°C 500°C 800°C
A200 5.35 x 10 1,44 x 102 4.94 x 10°
A600 3.16 x 10° 3,02 x 10° 1.34 x 10°
B200 8.92x10  ccmccceca- 1.68 x 10°
B600 3.14 x 10° 8.46 x 10 3.95 x 10°
€200 1.26 x 102 1.95 x 10° 7.27 x 102
C400 1.56 x 102 2.30 x 10° 6.80 x 10%
C600 1.15 x 10% 1.52 x 102 4,48 x 10°
C800 2.05 x 102 2.22 x 10° 4,06 x 10%
D200 1.42 x 102 4.42 x 10% 5.26 x 10
D600 1.47 x 10> 1,15 x 10°  cccmemme-
E200 2,17 x 102 4.09 x 105 ;e
E600 7.54 x 10°  cmcmecee emmemeee-
Resistivities at 90°C and Relative Humidity of 68%
A200 1.10 x 10° 3,40 x 10° 1.17 x 107
A600 7.08 x 10 4.42 x 10% 2.31 x 10°
B200 1.83 % 104 cecceeeo- 2.32 x10°
B600 2.12 x 102 8.16 x 10 5.78 x 10%
C200 2.02 x 10° 2.83 x 10° 1.36 x 10°
C400 2.26 x 10° 3.33 x 10° 1.42 x 10°
C600 1.77 x 10% 2.17 x 102 3.33 x 10
C800 2.86 x 10° 1.98 x 10° 7.06 x 10%
D200 2.87 x 10% 5.37 x 10% 3.60 x 10
D600 2.15 x 10° 1,52 10°  ccecmona.
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Resistivities at 90°C and Relative Humidity of 68% cont'd

Sample v

. o . o o o
Identification 300°C 500°C 800 C
E200 2.96 x 10° 4.12 %10  emmemmeea-

E600 8.86 x 105 = cecemmee= emeemcen.

Resistivities at 90°C and Relative Humidity of 45%

Sintering Temperature

A200 1.83 x 10° 5.12 x 10° 1.72 x 10'
A600 4,62 x 10° 6.10 x 10° 1.19 x 10°
B200 2.67 x 10° e 3.88 x 10°
B600 4,44 x 10° 5.50 x 10 5.56 x 107
C200 3.15 x 10° 5.31 x 10° 4,80 x 10°
C400 4.15 x 10° 4,57 x 10° 4.40 x 10°
'C600 3,09 x 10° 4.82 x 10° 4.58 x 10°
C800 4.08 x 102 3.69 x 10° 1.63 x 10°
D200 4,18 x 10° 6.47 x 10° 8.60 x 10
D600 2.52 x 10° 1.70 x 10° e
E200 3.44 x 10° 4,94 x 10°  ccemceee-
E600 1.04 x 102 cmmmmmcece emmmmea-
Resistivities at 90°C and Relative Humidity of 29%
A200 2.41 x 10° 6.32 x 10° 3.21 x 107
A600 5. 66 x 10° 7.08 x 10° 2.36 x 10°
B200 3.22 x 10° [ 3.88 x 10°
B600 7.53 x 10° 5.32 x 10 8.54 x 10%
C200 3,70 x 10° 5.90 x 10° 5.19 x 10
C400 4.78 x 10° 5. 88 x 10° 5.59 x 10°
C600 3,50 x 10° 5.28 x 10° 6.10 x 10°
C800 5.39 x 102 3.45 x 10° 1.67 x 10
D200 5,02 x 10° 7.45 x 10° 8.93 x 10
D600 2.52 x 10° 1.70 x 10> ccceeee-
E200 3,38 x 10° 5.80 x 105 ceeem-e-e-
E600 1,08 x10°  cccmmemeee ememeaae-
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INORGANIC MEMBRANE RESISTIVITY DATA IN OHM-CM ON

TABLE V

ZIRCONIUM DIOXIDE - PHOSPHORIC ACID MIXTURES

WITH PHOSPHORIC ACID AND "ZEOLON-H" AT VARIOUS

MIXTURE RATIOS AND SINTERING TEMPERATURES

Resistivities at 105°C and Relative Humidity at 73%

Sintering Temperature

Sample
Identification 300°C 1500°C
A200 3.19 x 10 1.78 x 10°
A600 3.94 x 10 1.31 x 102
B200 8.00 x 10  —mcmmeee-
B600 4,66 x 10 2.64% 10
C200 3.06 x 10 3.19x 10
€400 2.80 x 10 2.97 x 10
C600 3.01 x10 3,08 x 10
C800 2.92 x 10 2.88 x 10
D200 8.25 x 10 2.36 x 10
D600 1.17 x 10° 1.46 x 10°
E200 5.64 x 10 7.81 x 10
E600 9.64x10  cmeemmee-
Resistivities at 105° C and Relative Humidity of 58%
A200 4,65 x 10 1.98 x 10°
A600 4.41 x 10 1.94 x 102
B200 9.00 x 102 cmemecee-
B600 6.49 x 10 3.30x 10
C200 1.31 x 10% 1.32 x 102
C400 0. 98 x 10° 1.52 x 102
C600 0. 82 x 10° 0.96 x 102
C800 1,07 x 102 0.95 x 10%
D200 1.02 x 10° 2.36 x 10°
D600 6.47 x 10° 7.76 x 10%
SM-46221-F

800°C
6.00x 10
3.80x 10
3.07x 10
1.04 x 10
3.51 x10
3.59x10
4,59 x 10

3.06 x 10

8.00x 10
1.42 x 10
5,71 x 10
1.04 x 10
5.49x 10
5,07 x 10
1.09x 10
3.19x 10
2.55x10
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Resistivities at 105°C and Relative Humidity of 58% cont'd

Sample
Identification , 300°C 500°C 800°C
E200 2. 67 x 102 1.70 x 10 mmeeemon
E600 3.65 x 105 cccmemee e
Resistivities at 105°C and Relative Humidity of 40%
A200 9.02 x 10 3.26 x 10° © 1.07x10°
A600 1.18 x 10° 3. 64 x 10° 8.37 x 10%.
B200 ' 1.65 x 10% 3.65 x 102 1.08 x 10°
B600 2.12 x 10° 4.74 % 10 4,27 x 10%
C200 2.11 x 10% 2.78 x 10% 1,26 x 10°
C400 1.99 x 102 2.19 x 10% 1.21 x 10°
C600 - 1.08 x 10° 1.30 x 10° 1.30 x 10°
C800 1.80 x 102 1.52 x 10° 5.83 x 10°
D200 2.30 x 10° 5,49 x 10% 2.80 x 10
D600 9.09 x 102 8.50 x 10°  cememmao-
E200 2.27 x 10° 5.09 x 10>  acceeae--
E600 4,07 x10°  eemccceee ceecceee-
Resistivities at 105°C and Relative Humidity of 26%
A200 2.06 x 10° 6.27 x 10° 1.71 x 107
A600 3,04 x 10% 7.36 x 102 3,80 x 10°
B200 3.32x 102 cccceeeea- 3,04 x 10°
B 600 4.23 x 10% 6.24 x 10 1,17 x 10°
C200 3.07 x 10° 4.38 x 10% 4.62 x 10°
C400 4,31 x 10° 4.71 x 102 4,10 x 10°
C600 3.09 x 102 3,30 x 10° 1,25 x 10°
C800 4.09 x 10% 2,79 x 10° 1.72 x 10>
D200 4,65 x 10° 9.55 x 10% 8.14x 10
D600 1.42 x 10° 1.28 x 10°  meccmaans
E200 2.84 x 10° 8.16 x 10°  cocccee-e-
E600 5.70 x 102 cmcceceee e ——--
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As the concentration of zirconia in the pre-sintered mixture decreases, the
effect of sintering at 800° levels off. This indicates that zirconia is capable
of contributing to an enhanced degree of cross-linkings at temperatures of

800°C when it is present in concentration ratios : 50% by weight in the pre-

sintered mixture.

Plots of logarithm of resistivity versus percent relative
humidity at 90°C for various membrane composition pre~-sintered at 200°C and
sintered at 500°C are given in Figure 5. Throughout this study, it has been
observed that pre-sintering temperatures of the initial zirconia-phosphoric acid
mixture have little or no effect on resistivity. It so happens, however, that the
sintering temperatures of the final mixture with phosphoric acid and "Zeolon-H"
do affect resistivity. Therein, the resistivity increases with increasing sinter-
ing temperature. The largest enhancement of resistivity occurs when the

sintering temperature increases from 500° to 800°C.

It turned out that membranes of the system comprised of
zirconia and phosphoric acid in 50/50 weight ratio in the pre-sintered mixture
were strongest and were primarily used as far as fuel cell evaluation was
concerned. Therefore, an extensive analysis of the resistivity-humidity-
temperature characteristics was made. In Figures 6, 7 and 8 are given the
plots of the logarithm of the resistivity versus the relative humidity for this
membrane system pre-sintered at 200°C and sintered at 300°C (Figure 6),
sintered at 500°C (Figure 7) and sintered at 800°C (Figure 8). Three tempera-
ture levels (for these measurements) were involved, i.e., 700C, 90°C and
105°C.

In the three plots, it is evident that the resistivity
decreases relatively little with variation of relative humidity at 7OOC. However,
this variation becomes distinctly more pronounced with increasing environmental
temperatures. In addition, it is evident from these plots that the resistivities .
of membranes sintered at higher temperatures, i.e., 5000C and 8000C decrease

more rapidly with increasing relative humidity.

Arrhenius plots of the logarithm of the resistivity versus
the reciprocal of the absolute temperature for these C200 membrane systems

at 50%, 70% and 90% relative humidities are given in Figures 9, 10 and 11,
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Resistivity in ohm-cm

~~200

™~200

[ /1]

'}C 200

4
/
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10 20 30 40 50 60 70 80 90 100
% Relative Humidity

o3

Figuré 5. Log Resistivity Versus % Relative Humidity for
Membrane Systems Pre-Sintered at 200°C and

Sintered at 500°C-Measured at 90°C
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Resistivity in ohm-cm

10°
S 5
\\ | 70°C C 200A
AN S |
\%"c C2004|
1@
2 \ \

10 _ \

\

o\

105°C C 200A

10

20 30 40 50 60 70
- % Relative Humidity

80 90 100

cony

Figure 6._A Log Resistivity Versus Percent Relative Humidity
for the C 200A Membrane at 70°, 90° and 105°C
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Resistivity in ohm-cm
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Figure 7. Log Resistivity Versus Percent Relative Humidity
for the C 200B Membrane at 70°C, 90°C and 105°C

SM-46221-F 39



10

Y70°C C 200C
\

N N

Resistivity in ohm-cm

90°C
_ C 200C

A
105°C
C 200C
10— \
' 20 30 40 50 60 70 80 90 100

% Relative Humidity

core

Figure 8. Log Resistivity Versus % Relative Humidity for
C 200C Membrane at 70°C, 90°C and 105°C

SM-46221-F 40



Resistivity in ohm-cm
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Figure 9. Arrhenius Plot of Log Resistivity vs 1/T°K for the C 200

Membranes at 50% Relative Humidity
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Resistivity vs ohm-cm

C 200C
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Figure 10. Arrhenius Plot of Log Resistivity vs 1/T°K for the
C 200 Membranes at 70% Relative Humidity
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Figure 1. Arrhenius Plot of Log Resistivity vs 1/T°K for the

C200 Membranes at 90% Relative Humidity
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respectively. The 90% relative humidity plots were taken from the
extrapolation of the plots of Figures 6, 7 and 8. Activation energies for
conductance of the zirconium phosphate membrane systems (Table VI) were
calculated from the slopes of the lines between 70°C and 90°C (1/T°K =

2.75 x 10-3 and 2.92 x 10-3) from these plots as well as from those for other
membranesof the ""C'" series. The non-linearity of the plots and limitation in

the number points allows only for the following qualitative interpretations.

At 50% relative humidity, the activation energies are in
the 3-5 kcal/mol range. At 70% relative humidity, the activation energies are
in the 5-9 kcal/mol range and at 90% relative humidity, activation energies are
in the 8-20 kcal/mol range. It can be concluded that the conductivity of these
membranes improves significantly with increasing humidity and with rising
temperatures. These results are not exactly in agreement with those of
Hamlen. (15) As indicated above in Section 3. 1.3, Hamlen found that activation
energy decreases from 9. 8 kcal/mol to 2. 6 kcal/mol as the degree of hydration
of the zirconium phosphate material increases. The membranes made by
Hamlen were of the weak, readily hydrolyzable type, as described above.

Our explanation for the higher rate of increase of conductivity with increase in
humidity for the Astropower sintered membranes is as follows. As the environ-
mental humidity increases, there is an increased amount of water absorbed by
the membrane which is conducive to increased ionization, most likely, by acid
phosphate groups. As the extent of ionization increases, the conductivity of

the membrane increases at a rate based on the increased concentration of ions.
Hence, the conductivity increases at a higher rate than would be expected by

the rise in temperature alone; this could be responsible for the larger slopes

in the Arrhenius plots.

4.1.3 Hydrolysis Studies

The stability of these sintered membrane systems in not
aqueous media was determined in the following manner. Two-inch membrane
samples were each immersed under 200 ml of distilled water with agitation at
74°11°C on a steam bath for a fixed time period. Time of immersion was for
two one-hour periods. After each immersion period, the aqueous phase was
quantitatively transferred to a 250-ml volumetric flask, diluted to volume and
potentiometrically titrated against 0.1 N sodium hydroxide standard solution.
Prior blank determinations demonstrated that the correction for carbon dioxide

was negligible under these conditions. The shapes of the potentiometric
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TABLE VI

SUMMARY OF CONDUCTIVITY ACTIVATION ENERGIES

in k cal/mol OVER THE 70 -90°C RANGE FOR THE C 200 MEMBRANES

50% Relative Humidity

C200A 3.3 C400A 8.6 C600A 4.2 C800A 0.6

C200B 3.4 C400B 5.0 C600B 3.8 C800B 1.7

C200C 3.8 C400C 4.8 C600C 5.3 C800C 3.1
70% Relative Humidity

C200A 7.9 C400A 7.8 C600A 8.6 C800A 4.5

C200B 7.7 C400B 8.3 C600B 8.6 C800B 4.5

c200C1l1.8 C400C 6.2 C600C 5.6 C800C 8.6
90% Relative Humidity

C200A 11,2 C400A 13.9 C600A13.0 C800A 8.5

C200B 16.2 C400B 11.6 C600B 15.2 C800B 7.7

C200C 21.5 C400C 26.0 C600C 7.1 C800C 26.0
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titration curves were typical for that of phosphoric acid, manifesting the two
major inflection points. Calculations for phosphoric acid were based on the

mid-point of the first inflection point. Gravimetric determinations with am-
monical silver nitrate solution afforded yellow precipitates, characteristic of

the phosphate group, proving that the acid being titrated was phosphoric.

Following each one-hour immersion period, the sample
was re-immersed under distilled water and the same operation was repeated;
the membrane was dried in an oven at 120°C and weighed at the start of the
first immersion period so that the weight of phosphoric acid liberated could be
computed on a percentage by weight of original dry membrane basis. The
results obtained are summarized in Table VII for the determinations based on
the total amount of phosphoric acid liberated by the end of the second one-hour

immersion period.

The results in Table VII indicate that the sintering
temperature seems to govern stability to hydrolysis, mainly. The composition,
i.e., ratio of phosphoric acid to zirconia in the pre-sintered mixture, as well
as the pre-sintering temperature does not appear to-significantly affect mem-
brane hydrolytic stability. Those membranes sintered at 800°C manifest the
highest stability. At this sintering temperature level, there appears however
to be a tendency for the membranes which contain higher ratios of phosphoric

acid to zirconia in the pre-sintered mixture to be the least stable.

These studies relating membrane composition and
fabrication variables to such pertinent membrane properties as transverse
strength, resistivity and hydrolytic stability were essentially concluded by
November 1964. At that point, and in conjunction with a meeting held with the
NASA project sponsors at Astropower Laboratory, a key decision was made
governing the future course of this program. Further membrane development
efforts were discontinued and it was decided to concentrate on the C200B mem-
brane system thereafter. This membrane manifested a dry transverse strength
in the 5,000 -~ 6,000 psi range, with favorably low resistivity, i.e., as low as
20 ohm=-cm and relatively good hydrolytic stability. Furthermore, preliminary
fuel cell determinations with this membrane appeared promising, for example,
this membrane afforded performance levels in the 25 -50 ma/cmz range at 0.5

volts for over 300 hours of continuous operation.
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TABLE VII

SUMMARY OF DATA ON HYDROL YSIS CONDUCTED AT

73°-75"C ON VARIOUS ZIRCONIUM DIOXIDE -PHQ

SP%ORIC
ACID - "ZEOLON H" MEMBRANE SYSTEMS'@:

Sample Identification

H200
A200
daeoo
g B200
';3 B 600
H
g o |C200
=
‘g’g C400
oé C600
S's | cso0
(]
5‘ P
we | D200
a8
o @ D600
(5]
© & |E200
0 o))
S 8 |E600

(a)Expressed as total weight of phosphoric acid extracted divided by
original weight of membrane X100. :

Sintering Temperature °c

300

23.8
16.7
24,17

19.4
21.

8,1

18.
20.
21.
22.

oo W W0

w

19.
20,2

12. 4
22.1

.500

6.

(S LN o]

pYe]

(b)Values are based on averages of two determinations.

- SM-46221-F

800

\V]
[T O

o]
o N

O VN O =
S I PR NN

w,
o

14.9

1.2
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Remaining with this membrane system, the problem
thereafter was to optimize on the aspects of electrocatalysis and of the fuel

cell design.

4.3 Fuel Cell Studies

4.3.1 Cell Design and Operational Test Procedures

Three types of fuel cell fixtures were used during the
current program. In all types, the electrode area was kept constant at 20.2
cm;. The first type, (Type A) was described in Reference 1, and its descrip-
tion is included again in Appendix C. The assembled Type A fuel cell and
component parts are shown in Figures 12 and13. The free volume space on

both hydrogen and oxygen sides was 1.71 in3.

The second type (Type B) is shown by the diagram in
Figure 14. Although the essential features are the same as those for Type A,
certain modifications were effected to simplify the configurations and to shorten
the assembly time. It contains fewer parts and is more compact. The free

volume space on both hydrogen and oxygen sides was 2.31 in3.

The third type (Type C) is a compact type shown as a
line drawing in Figure 15. A photograph of the unit in operation is given in
Figure 16. Initially, this cell was comprised of two cover or outer plates
fabricated from phosphor bronze metal. An "O'" ring was used to maintain
electrical insulation between the plates, while an RTV filler around the pres-
sure annulus maintained gas insulation. The electrodes were supported ini-
tially by a spring or wire mesh lying within the gas compartment. Eventually,
it was necessary to employ backup plates for the electrode and membrane
wafer support as used for the Type A and Type B fuel cell fixtures. The design
was to accommodate the standard size two-inch diameter membrane structure.
However, most significantly, the overall dimensions and design principles
incorporated both the results of prior experiences with the Type A and Type B
configurations as well as the results of heat and mass transfer analysis. The

free volume space on both hydrogen and oxygen sides was 0. 60 in3.

A short description of the mathematical analysis is given

in Appendix D. Owing to its better handling and improved stability, '""Multimet"
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Assembled Fuel Cell

e/245

Figure 12. Type A Analytical Fuel Cell for Evaluation
of Inorganic Membranes
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Figure 16.

SM-46221-F

Type C Compact Fuel Cell in an Oven
During Operation

co678
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metal was substituted for phosphor bronze metal in the cell construction for

most of the tests performed with the compact fuel cell.

The procedure for assembling the fuel cell fixture was
as follows: First, the membrane-catalyst-electrode-backup plate wafer was
prepared. This assembly is pictured in Figure 17. Before the gas diffusion
electrode was placed over the membrane, approximately 0.3 g of catalyst
power ( < 325 mesh) was sprinkled on the membrane surface. Constant pres-
sure was applied within the backup plate, electrode and membrane arrangement
by the use of C-clamps tightened by means of a torque wrench kept at a constant
setting. Then, a gas-tight seal was effected between both backup plates by the
application of heat-cured epoxy resin over the periphery of the membrane. Such

. o .
curing was done at 90 °C over a one-hour period.

The assembled wafer was inserted in between the chamber
covers. In the Type A and Type B fuel cell fixture, "O" rings were used to
insulate the wafer from the chamber edges. For the Type C fuel cell fixture,
RTV cement was used instead of the ""O" rings. Such insulation was both for
electrical as well as for gas sealant purposes. In the Type A fuel cell both
chambers were joined by six one-quarter inch stainless steel bolts. In the
Type B fuel cell bothchambers were screwed together. In the Type C fuel cell

both chambers were held in place by means of six plastic screws.

Throughout most of the fuel cell runs the flow rate of
hydrogen was adjusted to 1-2 cc per minute and that for oxygen was maintained
within the 3-4 cc per minute range. These were the flow rates for the best
possible performance under these experimental conditions. All of the fuel cell
determinations were performed under open-ended conditions and the product
water was collected. Calibrated electrical instruments were used for the

monitoring of current and voltage characteristics for each test.

It developed during the course of the program that es-
sentially the same level of performance could be attained with the Type B and
Type C fuel cells for the same membrane-catalyst-electrode-backup plate

systems. This is shown by the correlating line in Figure 18.

In the description of the results which follow (Sections

4.3.2 and 4. 3. 3) no special attention is given to the effect of variation in
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Figure 17. Inorganic Ion Exchange Membrane
Backup Plate Sandwich
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membrane thickness on fuel cell performance. Most tests were performed
with membranes having thicknesses in the range of 0.5 - 1.0 mm. As will
be discussed later in Section 4. 3. 3.1 such variations in thickness do not

affect fuel cell performance to any significant degree.

The design of the backup plate was found to be most
critical. Studies involving different backup plates are described next in

Section 4. 3. 2.

4.3.2 Backup Plate Studies

This work was performed with several different backup
plate designs, all with the compact fuel cell (Type C). In Figure 19 are shown
three different types of backup plates identified as follows:

(a) 20 Mesh Stainless Steel

(b) 44 holes, one-eighth inch diameter holes in stainless steel
backup plate

(c) 96 holes, one-eighth inch diameter holes
Figure 20 relates the gas exposed area as a fraction of the total exposed area.
The fuel cell test results obtained are summarized in Table VIII. Performance
improves with gas exposed area in these tests performed at 65°C. For all of
these tests, the established standard C200B membrane composition was used.
Although the membrane thickness in Test 3 was thinner than in Tests 1 and 2,
as will be described below,; this amount of difference in thickness, by itself,
has been found to not have any significant effect on fuel cell performance.
Test 3 had been terminated after 300 hours which was the allowed upper time

limit in this program.

The next group of tests in this direction was aimed at
ascertaining whether fuel cell performance could be enhanced still further by
provision being made for additional free gas space in the backup plate. In
order to increase the free gas space, the number of holes in the backup plate
was increased to 136. However, in the process of effecting this, there was a
substantial reduction of metal to metal contact between backup plate and elec-
trode. Ordinarily, this contact was effected by the lugs of the backup plate as
shown in Figure 21. The crisscross arrangement of channel grooves on the

electrode side of the backup plate is apparent. Therefore, an attempt was
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From Left to Right, 3 Types of Back-up Plates
Used in Tests 6, 7 and 8 Respectively

Figure 19.
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eo832
(a) Forty-four holes, 1/8 inch in diameter, in stainless
steel backup plate
(b) Ninety-six holes, 1/8 inch in diameter, in stainless
steel backup plate
(c) One hundred and thirty-six holes, 1/8 inch in
diameter, in stainless steel backup plate

Figure 21. From Left to Right: Three Types of Backup
Plates Used in Astropower Compact Fuel Cell
(Electrode Face)
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made to increase the metal to metal contact while still retaining the 136 one-

eighth inch diameter holes in the following manner.

The electrode side of the backup plates was modified
by decreasing channel groove width from 0. 125 to 0. 105 inch. Figure 22 shows
how this modification increases the lug size. In Table IX are shown the
results obtained with three different types of backup plates, i.e., one with 96
holes as described above and two with 136 holes wherein the sizes of the
contacting lugs varied as described above. Now, in these three tests, an im-
proved membrane was used, involving platinum black impregnated on both
sides of the membrane to an extent of ~5% of the total thickness on each side.
The preparation of this improved membrane structure will be described in

more detail in Section 4. 3. 3.

The results for Test 4 and Test 5 indicate that an im-
provement in fuel cell performance does not occur with increase of gas free
space (96 to 136) holes. However, here, this had been done at the expense
of contact lug size. A significant improvement in performance results in
Test 6 wherein the increase in gas free space was attained, without a decrease
in size of the lugs, as described above. It ultimately developed that the results
of Test 6 were at the highest performance level obtained for any test throughout

the program.

The increase in gas exposed area on going from 96 holes
to 136 holes in the backup plate is evident in Figure 20. Figure 23 relates gas
exposed area and the lowest fuel cell resistance for each backup plate involved
in Table IX. The flattening out of the curve indicates that the optimum gas
exposed area and simultaneously, lug-contact area are being approached.
Figure 24 shows the impression that the contact lugs of the 136-hole backup
plate make with the AA-1 Type American Cyanamid electrode which was used
in the study described in Tables VIII and IX. It can be seen that the area ex-
posed to the gas is considerable and that the electrical contact points are

evenly distributed.

4.3.3 Catalyst-Electrode Studies

Essentially all of the data obtained from the fuel cell

tests performedonthis program are included in this section, for correlative
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Figure 22. Comparison of Different Layouts of Grooves
and Holes for the Electrode Facing Side of

the Backup Plates
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Resistance (ohms)‘

0.2 0.4 0.6 0.8 1.0
Gas Exposed Area (free) as a Fraction of the cossé

Total X-sectional Area

Figure 23. Relationship of Fuel Cell Resistance with
Available Electrode Area Exposed to the
Reactant Gases
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(a) dark area — exposed to gas

(b) light grey area — contact points for electrical lead
off and to maintain equal pressure against the
electrode-membrane composite

Figure 24. Two-Inch Diameter American Cyanamid AA-1 Electrode,
and Platinum Black Deposit, Showing the Contact Points,
Resulting from the Lugs of the Back-up Plate
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purposes. Most of the tests were performed at a current density maintained

at 30 ma/cmz. Generally, the tests which were concluded prior to 300 hours

of continuous operation, had been manifesting significantly diminished per-
formance. Included in these tables also are the results of the determination

of periodic polarization curves obtained during the course of the run. The

fuel cell resistance given in Column 7, was obtained from the straight line

region of each curve.

4.3.3.1 Fuel Cell Determinations Involving Untreated
Zirconium Phosphate Membranes with Platinum

Black Catalyst and American Cyanamid Type
AA-]1 Electrodes

This work was performed mainly with the
C200B membrane and with platinum black catalyst sprinkled on to both sides of
the membrane. American Cyanamid Type AA-1 gas diffusion electrodes on
both the hydrogen and oxygen sides were used in all tests. This electrode
material is rated as containing 9 mg/crn2 of platinum black catalyst supported
in a tantalum screen-Teflon matrix. The results obtained are summarized in
Tables X-XII, inclusive. Table X contains results obtained in the 25° - 59°C
temperature range. Test 10 was performed with the C200C membrane at
25°C. For this electrode-catalyst configuration it can be concluded that voltage
levels of about 0.5 v could be achieved over at least 300 hours of continuous
operation. The effect of variation in membrane thickness (0.51 to 0. 75 mm)
on performances is not significant. Evidently, contact resistances are impor-
tant. Over the thickness range of 0. 75 - 1.0 mm only a 12 - 13% maximum
increase in membrane resistance could be attributed solely to the widest
variation in membrane thickness. In Test 10, the performance levels at the
higher temperature are about the same as those of the lower temperatures

for the C200B membrane.

In Table XI are given the results obtained
for the same electrode-catalyst configurations for tests performed in the
61° - 69°C range. The results for Tests 1, 2 and 3 have been included herein,
again, for consistency. The results for the C400C (Test 12) and for the
C200A (Test 14) membranes are quite low compared to those of the other tests

involving C200B membranes under these conditions. It is evident from this
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table that an improvement in fuel cell performance occurs with the increase
in temperature from the 25°C level. As will be shown below in Table XX,

the membrane resistance at 25°C is not that much higher at 25°C than at 65°C.
Possibly inadequate product water removal is the problem herein at 25°C.
Under the more optimum conditions, it is evident that a performance level of
0.714-0.721 volts at 30 ma/cmz is possible for over 300 hours of continuous

operation (Test 3).

In Table XII are given the results obtained
for this membrane=-catalyst-electrode system in the 75° - 90°C temperature
range. There does not appear to be any clear-cut difference between per-
formance levels over this temperature and those in the 61 - 69OC range. It is
our belief that such invariance in fuel cell performance with variation in
temperature over the indicated temperature intervals must be due to the rela-
tive constancy of the membrane resistivity. As described above in Section
4.1.2, membrane resistivities at the higher temperatures approach those
at 70°C as the relative humidity decreases. Under fuel cell conditions there
is obviously more of a '""drying'" effect at higher temperatures and consequently
lower humidity in the fuel cell environment. The long continuous life of Test
24 is a manifestation of the electrode-catalyst as well as membrane capability
at 75°C.

4.3.3.2 Fuel Cell Determinations Involving Platinum
Black Impregnated C200B Membranes with

Platinum Black Catalyst and American
Cyanamid Type AA-Electrodes

The technique of imbedding catalyst powder
into the membrane structure was explored over a significant portion of the
program. The following procedure for impregnating catalyst material into
the membrane matrix was found to be highly successful. A weighed amount
of platinum-bearing membrane (i.e., 10, 20, 30 or 40% platinum by weight)
with the remainder being C200B material is placed in a pressing die. Then,

a layer of C200B of the same catalyst bearing C200B mixture is applied. Now,
the top punch is inserted and the assembly (two-inch diameter) is pressed at

15 tons total load. After pressing, the composites are placed on flat, smooth
refractory plates and sintered in air for two hours at 500°C. After cooling to

room temperature, the composite membrane-catalyst wafer was impregnated
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with 85% phosphoric acid, oven dried at 120°C and finally sintered at 500°C
for two hours. The phosphoric acid treatment was repeated twice. A photo-
graph depicting the three layers is given in Figure 25. In the assembly of the
wafer, 0.3 g of platinum black was sprinkled on to both sides of the membrane

and American Cyanamid Type AA-1 electrodes were applied.

In Table XIII are shown the results obtained
for platinum-impregnated C200B membranes wherein the platinum black con-
centration was 10% by weight in the C200B mixture and the platinum black-
C200B layer was one-third the total membrane thickness on both sides (0.2
grams platinum per membrane). The results of Table XIII indicate that there
is no improvement in performance level by this membrane platinum impregna-

tion procedure.

The results obtained for the same membrane
treatment with platinum black except for the incorporation of 20% by weight of
platinum black in the outer one-third membrane layers are summarized in
Table XIV. Now, it appears that performance is possible at temperatures of
at least 100°C for periods of time of at least 312 hours without any change in
performance level from that at 65°C. The comparison of the results of Test
33 with those of Test 37 demonstrate this trend. The results of Test 38 and of
Test 39 indicate performance capability at temperatures as high as 148°C;
however, under these conditions there is a decrease in performance level at

the higher temperatures.

In Table XV are given the results obtained
for membranes having 30% by weight (Test 40) and 40% by weight (Test 41) of
platinum black impregnated in both outer one-third layers of the C200B mem-
brane. The effect of concentration of loading with platinum black on fuel cell
performance is shown by the plots in Figure 26. Here, it is evident that at
65OC, maximum performance is achieved when the concentration of platinum

black in both outer one-third layers is in the 20~ 30% range.

It was thought that possibly a higher degree
of effectiveness could be achieved by impregnation of the membrane with
platinum black catalyst to a lesser extent, i.e., one-tenth of the total mem-

brane thickness on both sides. The possiblity of shorting anode and cathode

SM-46221-F 73



.015

I. 015 (Approx.)
« 015

Center Section of No. 194-003

cor23
|
Membrane Material }

\—Surface Sections of C200B |
Membrane Material=Platinum :
Catalyst Mixture

Figure 25. Fuel Cell Membrane - Catalyst Composite

SM=-46221-F 74




¥82 otL -0 9% "0 €LE"O 2°91
s62 2SL°0 ¥¥ 0 St¥°0 €£°02
681 0580 1570 6170 2 22 (*m3
LO¢E 24 S8L°0 SE°0 025°0 0°be Z2F ¢01 26°0 $21°0) ¥¥-9 e
eIe S16°0 £€0 1090 0°6¢
8% 006°0 ’ ’ ve'o ¥09 "0 0°o¥
€22 §28°0 9€°0 865 °0 0°ve
S6l 09L°0 1€°0 €LS°0 8°G¢
QLl S08°0 2¢°0 L8G°0 g°Le
2al 01870 1€°0 029°0 A 4
EE] 0260 ¥Z°o 599 0 1 ]
2¢ 826 "0 22°0 089 '0 S°LS (-m-3
61¢ 8 026°0 61°0 069 °0 $°29 I¥L9 ¥8°0 S21°0) ¥¥-4 ot
0s¢€ - 8LS°0
91¢ - 009 "0
162 596 °0 9% 0 285 °0 L°8¢
661 266°0 8% "0 £€95°0 S'9¢
S61 266°0 25°0 [154-21] 6°¢€¢e
ST1 S96°0 LSO 06% 0 0°62- (43P14 240013
29¢ L6 €€6°0 LSO 06% "0 0°62 I1¥99 ¥8°0 S21°0) ¥¥-4 62
sanoy sanoy s3[0A swyo $3[0A ZWo fewt Do ww ajerd dnyjdeg ‘ON 1891
‘uny jo awItJ ‘uny jo jIejg wod g ‘a8e3jjo A ‘aoue)sIsay .NEO\WE (119 ‘A G0 de . sanjexradwa ], ‘ssoUOIY J, pue uSisa( 112D 1°n g
JU2WIAINS I JO dwit ], 1nda1) uadp 112D 1ong je adejjop Aj1sua( jusxann aurIqQUIdN 112D 1904

SYTAVT QYIH.L-INO YHLNO HLOH NI MDVTd WANILVId
%01 :SANVIEWIAW .H- NOTOIZ: — ZLVHdSOHd WAINODHIZ €002D
AILVNOFTYINI WANILVTd Y04 V.IVA IDNVIWNHOJHIL TTAD 1IN

HIX I719VL

75

SM-46221-F



| 66 8260 L9°0 ¥6€°0 0°22 2F8¥I1
| ¥S 2560 LE°0 S€9°0 voLy 723021
| s S€6°0 S0 L29°0 Loy 2% 201
| ¥ 256 °0 260 $$9 0 26 27201 (*m-3
9%1 12 596 °0 62°0 %590 €96 2% 201 €r 1 §21°0) ¥b-4d 6€
u22310g
) 19215 ssaqutelg
£ ¥z 0060 9% "0 ¥15°0 9°1¢ 1F871 25°1 YsaW 02-D 8¢
(48 - - 0£$°0 -
1.2 - - 0850 -
¥97 - - 0190 -
917 - - 059 °0 -
L81 288°0 620 ¥$9 "0 L%
891 €880 1£°0 $29°0 0°0¢
151 2L8°0 ¥€ 0 L19°0 0°LY
L1t 888°0 0€°0 259 °0 bEs
26 55870 1g°0 $29°0 0°0S . (+ 3
ral ¥2 2L8°0 61°0 969 °0 L°08 €% 001 £6°0 s21 °0) ¥b-4 LE
uaaidg
122318 ssajuieg
0% iz 0v6 "0 150 655°0 6°9¢ 2F¢6 1€t YSaW 0Z-D 9¢
2L - S¥9°0
8 - 699 "0
22 0080 $2°0 9L9°0 99 (w3
2L ¥ 0980 220 199 °0 2°99 ST 68 90°1 S21°0) ¥¥-4 15
1§ 8860 87°0 889 "0 2°€9
¥2 0011 9¢°0 889 "0 665 (m-3
6% L SL6°0 0% "0 009 "0 ¥ew €359 STl S21°0) ¥¥-4 ¥
s0¢€ LL60 0€°0 2990 L°96
£€2 8960 L2°0 859 °0 165
212 $86°0 L2°0 299°0 0°09
81 0960 L2°0 259°0 L°LS
291 $26°0 S€°0 S¥9 0 2706
9¢1 0L6°0 8¢ 0 299 0 0716
¥9 $86°0 62°0 089 °0 909 _ (w8
S0€ o¥ 0860 L2°0 €29°0 6°19 7% 99 L0°1 §20°0) ¥¥-€ €€
021 0860 620 0L9°0 165 1559
26 0001 0€°0 0L9°0 8°LS %201 (*m-3
€71 61 €860 92°0 2L9°0 10°€9 2399 69 °0 S21°0) ¥¥-4 2€
sanoy sInoy sjjoa swIyo sjfoA NEo\mE D¢ ww ajerd dmyydoeg *ON 3891
‘uny jo swily ‘uny 3o jIelq woa g ‘a8ejoA ‘adou®)s1saYy fwd jew g A G0 3® ‘aanjeaadwa ‘SSaWOIY Y pue udisaq 12D 1°0n4
JUSWISINS BI JO SWIT], 1no a1 uadp 112D 19ng je a8ejj0p Aj1sua(qg jusarany aurIqUIa|N 11°D 1°ng

SEEAVT QYIHI-INO ¥JLNO HLOM NI MOVTd WNNILVId %02

SSANVIEIWIN H- NOTOAZ., — ILVHASOHd WNINODYIZ 4002 D

JILVNDIIANWI WANILVTd ¥0d VIVA IDNVIWHOIY AL T1dD 13N

AIX ITdVL

76

SM-46221-F



‘aurIqQWAW 9Y3 JO 8I1aAB] PATY3-9UO 193N0 Y30q Ul %% — }oe[q wnune(d Yiim pajeudaadwr (Q)

-aueaquaw ayj Jo sI19Ae] PIIY}-2UO IIINO Y3Oq UT %0¢ — }de[q wnuyed qiw pIjeudszdwy (e)

€21 €L8°0 1€°0 809 °0 A4

101 098 "0 2€°0 985 °0 [ % 4

oL 588 °0 22°0 $29°0 S '8¢

9% 688 °0 12°0 089 "0 vl
891 2¢ G688 °0 €2°0 ¥59 0 2°¢9 Z2F¥ 99 61°1 (*m 8 g21°0) ¥¥-4 »eav

L1 060 °1 9¢ 0 199 “0 e 4]

vo1 00T "1 0¢°0 289 "0 0°09

991 SL0°T 1€°0 089 °0 0°6S

811 SLO°T LZ°o0 L69°0 2799

€6 060 "1 LZ°0 169 °0 2°99

oL 690 °1 LZ°0 289 °0 8°¢9

144 566 °0 92°0 189 °0 LS9
€92 L2 080 1 9€ °0 6L9°0 8¢S 1¥59 2z°1 (s 8 621 °0) ¥¥-4 (e)°%
sanoy sanoyg S3[0A swyqo 83170A NEU\NE Do w ajelg dmydeg ‘ON 1891
‘uny ‘uny jo ‘a8e3j[op ‘aoueysisay .NEU\ME 0¢ ‘A Ggtp e ‘sanjesadway ‘egawoYy pue usisag 11°D 1vng

Jo swly, 11838 WwoJy 1oy uadp Je agejjop AjisuaQg jusxang sueaquId 3o 1904
JUIWBINSBIN
Jo 2wy,

40020 AILVNDIYIWNI-WANILVTd HO04d VIVA IDNVIWIOJYId TTAD TIANA

AX ITdVL

77

SM-46221-F




£9400

00¢

('uo1302110> SPBI] 10J S310A €0 0 PPV) ‘oW BW g JO Ajtsua(g
JUSIIND) puUB D7 T 69 1 saurIqWAal goozD peieudaxdwy yoery
wnune[d jo sadeiusadiag SNOLIBA I0J dWI] SnsIaa 33e3[0A JO 101

(sanoy) 2wIi],

067 00 0s1l 001 0¢

‘g7 2and1 g

yoerg

-3d %01 \

yoeld

- 3d %O¥

Aoerg _
- 1d %02 / T

qor1g
- 3d %0¢

02 "0

0% "0
<
2
g
oQ
(]
2
°
S

09 "0

08°0

78

SM-46221-F




through the membrane via contact of platinum particles across the membrane
would be lessened, thereby. The results of two tests performed with the
C200B membrane having 20% by weight of platinum black impregnated to the
extent of 10% of the total membrane thickness is given in Table XVI. In this
case, the total concentration of impregnated platinum black was 0. 14% by
weight. The performance obtained in Test 42 of 0. 750 volts at 30 ma/cmz
was one of the highest of any obtained on the program and indicates that this

procedure for incorporating catalyst into the membrane has merit.

At this point, it was felt that the critical
reaction zone is distributed over the electrode-membrane interface with the
catalyst present at the membrane surface as well as in the electrode structure
being the active material. The catalyst particles penetrating deeper into the
membrane structure did not perform any useful function. Therefore, it was
decided to prepare platinum-impregnated C200B membranes wherein the depth
of penetration of platinum particles was no greater than 5% on both sides of the
membrane. The concentration of platinum black in these two outer layers was

restricted to 20%.

The results obtained for various tests con-
ducted with this type of catalyst-membrane system with American Cyanamid
Type AA-1 electrodes are listed in Table XVII.

As discussed above in Section 4.3.1, the
highest performance level achieved during the program is indicated by the
results of Test 6, where indeed, the design of backup plates had been improved
as well. Comparing the results for Test 48 with those of Test 42, Table I, it
would seem that penetration of the membrane to 5 or 10% of the total thickness
has about equal effects. Most significantly, the performances at 120°C and
133°C (Test 53) and at 151°C (Test 52) seem to be at a level which do not vary
too much from that at 65°C (Test 48); all tests had been performed under
similar conditions except for the temperature. The decrease in open circuit
potentials with rise in temperature would be expected from thermodynamic

considerations.

Now, it can be concluded that overall, the

tendency for fuel cell performance to tend to remain invariant over the
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temperature range of 65° to 151°C is related to the membrane characteristics,
a matter which will be discussed further in Section 4. 3. 4.
4.3.3.3 Fuel Cell Determinations Involving Palladium

Black Impregnated C200B Membranes with
Various Types of Electrode Structures

Although it is generally acknowledged that
platinum is the most effective catalyst for the hydrogen anode and oxygen
cathode in acidic fuel cells, it still was of interest to investigate other catalyst
candidates because of the unique nature of the membrane system. In the first
study, palladium black was used as catalyst ( < 325 mesh). It was impregnated
into the C200B membrane matrix by the same procedure given for platinum.

The results of fuel cell tests are given in Table XVIII.

In Test 53, the palladium electrode was prepared
in the following manner. Anexpanded gold screen having approximately 0. 625
openings/cm2 as rated by Exmet, was treatedin the following manner. First, a
thin film of palladium black was electrodeposited on the gold screen from 3%
HZPd C16(aq) aqueous solution. Then, a paste consisting of an aqueous sus-
pension of palladium black and Teflon was applied and the water was evaporated
by heating at 120°C for several hours. The electrodes in Test 54 contained
less palladium black on a tantalum screen matrix. The electrical resistivity of
the gold screen was 2.44 micro chms-cm, whereas that for the tantalum screen
was 13.1 micro ohms-cm, both at ZOOC. Hence, the electrodes in Test 53
seemed more promising than those for Test 54. However, it eventually devel-
oped that the loading of catalyst in the membrane and electrode for the former
being higher than that for the latter was probably the main reason for the bet-
ter performance of Test 53. The performance in Test 55 with American

Cyanamid Type AA-1 platinum electrodes is comparable to that obtained in

- Test 37 (Table XIV) wherein the concentration of platinum was 20% in both

outer one-third layers of the membrane and American Cyanamid Type AA-1
electrodes were used. Evidently, impregnation of the membrane with palladium

is as effective as impregnation with platinum.

In Tests 53, 54 and 55 about 0. 15 g of pal-
ladium black ( < 325 mesh) had been sprinkled on each side of the membrane

during the assembling of the wafer.
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4.3.3.4 Fuel Cell Determinations Involving Palladium
and Iridium Catalyst Materials

Fuel cell tests were performed with C200B
catalyst composites prepared as described above in Section 4.3.3.2, wherein
three layers of compressed membrane and membrane-catalyst material were
obtained. In this study, the effectiveness of 50/50 platinum-palladium black
mixtures simultaneously on both hydrogen and oxygen sides, 50/50 platinum-
iridium black mixture on the hydrogen side only and 50/50 silver=-palladium
black mixture on the oxygen side were determined. In addition, the effect of
application of a thin-porous layer of palladium on the outside of the C200B
platinum layer was studied from the standpoint of the palladium layer eventually
serving as the electrode in fuel cell structure, thereby achieving an integrated
membrane-catalyst-electrode structure. The results obtained are summarized

in Table XIX.

In these tests approximately 0.3 g of the
indicated catalyst powders (Column 4) were sprinkled onto the membrane sur-
face during the assembling of the wafer. Only the 50/50 platinum-palladium
mixtures (Tests 50 and 60) showed real promise. Test 61 was performed in
connection with the program to prepare integrated electrode-catalyst-membrane
composites. The 0. 1% palladium had been incorporated into the outer layer
after impregnation of the membrane with platinum in 20% concentration. The
palladium was applied in the following manner. A palladium resinate solution
was silk screened on to the surface of the membrane both before and after the
final sintering stage (third), as described above. Finally, the entire assembly
was fired to bond the electrode layers to the catalyst-membrane composite.

Figure 27 is a photograph of the front view of such a configuration.

It was observed that when palladium com-
prised either all or part of the catalyst system, that upon opening of the fuel
cell at the termination of a test, that electrode pores were clogged with clusters
of palladium black powder. Apparently, significant amounts of catalyst had

become separated from the membrane structure during fuel cell performance.
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Cos8s
Figure 27. Photograph of Unitized Electrode-Catalyst-
Membrane Configuration (Front View)
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4.3.3.5 Fuel Cell Tests with Various Types of
Tantalum and Stainless Steel Electrodes

It was of interest to ascertain the relative
merit of tantalum screen electrodes having platinum incorporated by such
means as electrodeposition, paste and sintering techniques. Of further interest
was the effects of varying amounts of Teflon andSilicone waterproofing agents.
Fifty mesh tantalum screen was used in this study. The various electrode

preparative procedures can be outlined as follows.

Electrodeposition was carried out in 3%
HZPt Clé(aq). Up to 40% (by weight of screen) of platinum was deposited in

this manner.

Pastes consisted of platinum black suspended
in a toluene solution of silicone resin (G.E. SR-224). After application of the
paste to the screen, the toluene was evaporated and the resin was cured at
90°C. An alternative method of making the paste electrode consisted of pre-
paring an aqueous Teflon suspension of platinum. After application of the
paste to the screen, the water was evaporated off at lOOOC. Sintered electrodes
were prepared by initially electrodepositing platinum black on the tantalum
screen from 3% HZPt C16(a.q) solution. Then, the screens were subjected to
three or four sintering cycles in which they were successively immersed in
an aqueous suspension of Teflon, dusted with finely divided platinum black,
lightly pressed between two sheets of aluminum foil and sintered for two
minutes at 350°C. The amount of Teflon contained in the finished electrodes
was estimated to be 5% by weight. The concentration of platinum was varied

from 15 mg/cmz up to 30 mg/cmz.

The results obtained for the C200B membrane

given in Table XX are summarized further in the following manner:

(a) The different methods for incorporation of platinum catalyst
are essentially equally effective. The same conclusions were reached by
(34)
others .
(b) Increasing amounts of platinum catalyst up to as high as

20-30 mg/ cm? are conducive to improved fuel cell performance.
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(c) Silicones are about as effective as Teflon as waterproofing

agents.

In Table XXI are given the results obtained
with C200B -platinum impregnated membranes and similarly prepared electrode
systems. It is evident from this table that loading of the electrode with platinum
to 40 mg/cm2 is deleterious to fuel cell performance. The optimum catalyst
concentration range for electrocatalysis is 20-30 ma/cmz. Optical transmis-
sion measurements on the various electrode screens indicate that a considerable
decrease in electrode porosity occurs when the catalyst loading was as high
as 40 mg/cmz. In Table XXI it can be seen that reasonably good performance
was obtained with the stainless steel electrode screen. Stainless steel is
considerably less expensive and more readily available than tantalum.

4.3.3.6 Miscellaneous Fuel Cell Tests with Special

Membranes and American Cyanamid Type
AA-1Electrodes

In the first test of this series an effort was
made to deposit platinum chemically on both outer surfaces of a C200B mem-
brane. This was effected by treatment of the membrane with a solution of
chloroplatinic acid, followed by reduction of the Pt(IV) in this acid with

. i - \ . o
hydrazine. Finally, the membrane was resintered at 500°C for two hours.

The wafer was assembled with the usual
amount of platinum black powder sprinkled on both sides of the membrane and
with American Cyanamid Type AA-1 electrodes. Fuel cell test results on
this system are given in Table XXII. There was no improvement in performance,
as the results for Test 76 are at the same level as those for the corresponding

untreated C200B membrane in Table XI.

In Tests 77 and 78 it was desired to establish
what effects if any would the inclusion of 2% by weight of Teflon in the 20%
platinum-C200B layers have on the level of fuel cell performance at ambient
temperature. It had been noted above in Tables X and XVII that fuel cell
performance was lower at 25°C than at 65°C. Since this could be due to

inadequate product water removal from the three phase reaction at the lower
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temperature, it was felt that possibly the hydrophobicity of the Teflon could

relieve the situation, somewhat.

The results for Test 77 are somewhat bet-
ter than for those of Test 44 (Table XVII) wherein Teflon had not been used
in the membrane. However, in Test 44, a less efficient backup plate had
been used. The fact that peformance in Test 77 increased significantly on
going from 28°C to 63°C indicates that the temperature rather than water-
proofing is a controlling factor herein. It will be demonstrated in Section
4.3.5 on superimposed A.C. experiments that relatively little change in the
ohmic resistance of this membrane occurs as the temperature was varied
from 28° to 63°C. The problem may be due to inadequate product water

removal from the critical reaction zones at the lower temperature.

Some time was devoted to attempted prepa-
ration of unitized membrane-catalyst-electrode systems. It was felt that
possibly, the removal of the interface between membrane and electrode would
lower the contact resistance significantly and thereby enhance the performance.
Two types of structures were prepared and evaluated in a fuel cell. However,
in both cases, it was not possible to obtain particularly worthwhile results.

In one type of structure, electrode materials such as platinum, palladium and
tantalum in their resinate solutions were silk-screened on to the surfaces of
platinum-impregnated membrane composites. In some instances this was
done before final sintering, while in other instances this was done after final
sintering. Then, the entire assembly was fired to bond the electrode layers
to the catalyst membrane composite. Figure 27 is a photograph of the front
view of this configuration. The best fuel cell results that could be obtained
with this system was for platinum and palladium resinates where the current
density was 1.5 ma/cm2 at 0.500 volts and at 620C, without the use of
separate electrodes. When American Cyanamid Type AA-1 electrodes were
inserted into the wafer as in Test 61 above, the fuel cell performance was at
the 0. 64 volt level at 30 ma./c:m2 and 80°C. This demonstrates that adequate

electrocatalysis could not be attained by the silk screening method.

In the second approach, the water-proofed

platinized tantalum screen electrode, together with its tantalum leads were
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pressed and sintered directly into the membrane structure. This system was
used with backup plates acting as a support for the unitized structure. A

photograph of this structure is Figure 28. The best fuel cell results achieved
with this type of membrane-catalyst-electrode structure during this program

have been 1 rna/crn2 at 0.3 volts and 65°C.

It must be concluded that a distinct interface
between membrane and electrode is necessary for the most effective operation
of the inorganic membrane fuel cell.

4.3.3.7 Generalized Conclusions Concerning the

Matter of Electrocatalysis in the Inorganic
Ion Exchange Membrane Fuel Cell

The most effective catalysts for this type of
fuel cell are platinum, palladium and 50/50 platinum-palladium mixtures.
Impregnation of catalyst into the membrane at a concentration level of 20%
to depth of 5 - 10% of the total membrane thickness on both sides of the mem-
brane is conducive to optimum fuel cell performance. In this manner itis
possible to maintain a nearly constant level of performance over the tempera-
ture region of 65° - 151°C. The American Cyanamid Type AA-1 electrodes

containing 9 mg Pt/ cm® were the most effective.

The optimum performance obtained was

0. 774 volts at 30 ma/c'm2 with the same type of electrodes. The study of the
effect of catalyst loading on fuel cell performance indicates that 20 - 30
mg/cmz of catalyst concentration in the electrode affords optimum fuel cell
performance. Therefore, it is expected from the extrapolation of Figure 29
that a performance level of 0.850 volts at 30 ma/cmz could be reached with
the American Cyanamid Type AA-1 electrode containing about 20 mg/cmz of
platinum black concentration. This of course is based on such other aspects

as membrane composition and fuel cell design remaining constant.
4.3.4 Life Tests

It developed that the best membrane-catalyst-electrode
wafer configurations could perform under steady state conditions continuously
for at least 300 hours at constant temperature in the range of 25° - 103°C.

Higher temperature operational capability to as high as 151°C was evidenced.
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Figure 28. Unitized, Fused C200B Membrane-Electrode
Configuration, Demonstrating Silver Wire
Leads Interwoven Through Electrode Screen
Structure
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Fuel Cell Voltage at 30 ma/cm?
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However, since such demonstration was not a strict requirement of this
program, a great deal of attention was not given to 300-hour life tests above
100°C.

In the conduct of the life tests either the current density
. . 2
was maintained constant at 30 ma/cm” or else, the voltage was kept constant

at 0.5 volts. Polarization curves were obtained at least once a day.

Whenever a significant reduction in performance occurred,
the fuel cell run was terminated and the fuel cell was disassembled. Inevitably,
it was observed that this was due to either a rupture of the epoxy seal binding
both halves of the membrane or else, deterioration in the membrane. It was
felt that the latter was most likely due to some imperfection originally present

which could not be detected by visual inspection during the wafer assembly.

What was most characteristic of the behavior of the
membrane during fuel cell operation was a slight release of phosphoric acid.
This was uncombined phosphoric acid, apparently not having any strengthening
or conductance-controlling action. This did not appear to have any direct
effect on fuel cell performance as shown below. On the basis of the discussions
of Section 3.0, membranes prepared under sintering conditions are in the
unhydreolyzable erZO'i form. The requisite conductivity level is maintained

by the action of the water balancing agent which is ""Zeolon - H."

Analysis of membranes for phosphoric acid at the con-
clusion of a number of life tests indicated that the recoverable phosphoric
acid remaining in the membrane ranged from 4-11%. This is probably the
amount which is not tied up as unrecoverable ZrPZOT’ In one instance, this
amount was as high as 19.6%after 624 hours of continuous operation at 25°C.
Most significantly, however, it is not possible to relate extent of loss of
phosphoric acid from the membrane with fuel cell performance, especially

those tests carried out for at least 300 hours.

In Table XXIII is a summary of life results for tests
conducted over 300 hours continuously. The fuel cell data had been given in
more detail in Tables X - XXII inclusive. In Figures 30, 31 and 32 are given
the voltage versus time curves for the various tests in Table XXIII plotted on

a 30 ma/cmz basis for the 300~hour duration. In Column 6 (Table XXIII) is
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given a measure of the available phosphoric acid content derived from the
membrane after the conclusion of the fuel cell run, based on the recovered
dry membrane weight. The dried membrane was treated with 0.1 N sodium
hydroxide at 73° - 75°C for at least two hours. Then the caustic solution was
removed by filtration and potentiometrically titrated against 0.1 N
hydrochloric acid. This procedure was repeated until the caustic solution

no longer manifested any evidence for phosphoric acid.

In Table XXIII, the values for the acid contents charac-
teristic of Tests 29-57, wherein additional phosphoric acid had been used
during the platinum impregnation procedure are the same as those for Tests
3-23. Therefore that additional amount of phosphoric acid is removed during

fuel cell operation.

It seems that the particular amount of available phos-
phoric acid in the membrane, in itself does not control fuel cell behavior.
This is borne out further by the following study. A C200B membrane was
soaked for two hours at 75°C and then dried for two hours at 500°C. This
procedure led to a loss of 5.5% of the lot of membrane weight through release
of available phosphoric acid. Then, the membrane was assembled in a Type
B fuel cell by the established procedure using American Cyanamid Type AA-1
electrodes. The results of this fuel cell determination are given in Table
XXIV. These results are slightly better than those for the untreated membrane
tested under similar conditions as described in Table XI for Tests 16 and 20,
and about equal to those for Test 21, performed under similar conditions as

well.

Therefore it must be concluded that the most significant
change in the membrane occurring during fuel cell operation is the loss of a
portion of the available phosphoric acid present in the membrane. This loss
occurs gradually during the fuel cell run and does not appear, in itself, to
have any effect on performance. However, there have been several instances
when short-lived, poor performance, could be attributed to excessive evolution
of phosphoric acid. This would be evidenced by available phosphoric contents
remaining of < 10% within about the first 100 hours and sometimes within the
first few hours of operation. This could be attributed to inadequate bonding

during the sintering phase of the membrane fabrication process. That the
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membrane matrix is too porous, is probably the cause for the low performance
under these conditions: Certainly, a test depicting a degree of stability to libera-
tion of phoséhoric acid would have to be a quality control requirement in the use
of this membrane system for fuel cells. Polarization curves for Tests in Table
XXIII and XXIV are given in Figures 33 through 47. Test 8 is excluded,

4.3.5 Attempted Optimization of the Electrolyte by Investigation

of the Physical and Chemical Characteristics of the Wafer
in a Fuel Cell Environment

This matter was partially covered in Section 4.1.3 con-
cerned with resistivity studies of various zirconia-phosphoric acid-"Zeolon - H"
compositions prepared under various sintering temperatures. The C200B
system, which had exhibited overall the most favorable properties, was given
particular attention in that analysis. Resistivity measurements were per-
formed in the specially constructed controlled humidity chamber at tempera-
tures of 70°, 90° and 105°C at relative humidities ranging from 26% up to
83%. At 105°C and 73% R.H. the resistivity of this membrane was 31.9
ohm-cm and most probably as low as 20 ohm-cm at 80-90% R.H. It was noted
that the rate of decrease in resistivity with increase in relative humidity was
relatively slight at 70°C but this rate was significantly greater at higher
temperature. This could explain why as noted above in Section 4. 3. 3.1, fuel
cell performance remained essentially invariant over the temperature range

of 65° - 151°C. There is more "drying'' as the temperature rises.

The membrane structure-resistivity study was terminated
at the end of the fourth month (November 1964) of this program when it was
decided jointly with the project sponsor to remain strictly thereafter with the

C200B membrane only.

In Section 4. 3.4, it was demonstrated that during the
course of fuel cell operation, there is a slow gradual liberation of phosphoric
acid from the membrane. This is available, unreacted phosphoric acid present
in the membrane matrix which is essentially being leached from the membrane
under fuel cell conditions. There is no evidence that hydrolysis of zirconium
phosphate, itself occurs, based on prior efforts to exhaustively treat the
membrane with hot caustic solution. The 21.9% of phosphoric acid recovered

under such conditions represents essentially the amount of excess phosphoric
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acid present from the reaction between zirconia and phosphoric acid to form
zirconium phosphate during the pre-sintering and sintering stages of membrane

fabrication.

In this direction, it is of interest to note the indication

(14)

resistant to hydrolysis with decreasing pH. Therefore, it must be concluded

by Larsen and Vessers that zirconium phosphate becomes more highly
that the phosphoric acid liberated during fuel cell operation is not due to
hydrolysis but rather to the leaching of available, unreacted acid. The con-
centration of this available phosphoric acid is apparently non-critical and its
loss does not seem to be directly related to increases in resistance during

fuel cell operation.

4,3.5.1 A.C. Resistance Measurement

These measurements were performed in
order to determine the contribution of chmic resistance of the membrane to
the overall fuel cell resistance as obtained from the slope of the polarization
curve. The resistance obtained from the slope of the pclarization curve is

comprised of concentration as well as ohmic polarization effects.

The A.C. resistance of the membrane was
measured during fuel cell operational conditions under load in the following
manner. An A.C. signal of between 103 and lO4 cps was used. This frequency
range was high enough to eliminate electrode and concentration effects, yet
small enough toc eliminate capacitance effects. For example, for a cell
resistance of 0. 15 ohms and a shunting capacitance of 1 x 1055 farads, the
effect will be less than 1% at 104 cps. The A.C. signal superimposed in a
manner so that simultanecusly, the D.C. pclarization data as well as the A, C.
resistance at different external loads could be obtained. The circuit used is
shown by the wiring diagram of Figure 48. The A.C. resistance was calculated
from A.C. potentials measured between points 1 ard 4. According to Ohm's
Law the following relationship was used to obtain RAC

U4 - U

_ 3
Rac * 0,70, * 100 (5)
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Sine wave generator

VTVM
Probe
§IOO’Q
Fuel Cell
R _ U4 -U
AC U2 -U

Instruments: VIVM HP 400H
Generator HP 200CD

Figure 48. Circuit Used for the Determination of the
Ohmic Resistance of a Fuel Cell at
Different Discharge Currents.
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where

U, - U, = voltage across the fuel cell (volts)
and

U, - U, = voltage across a 0.1 ohm resistor in
series with the fuel cell (volts)
The potential readings were obtained with a
high impedance vacuum tube voltmeter (HP 400H) having an estimated accuracy
to within +2%. Generally the calculated values of RAC varied by only a
few per cent. The results obtained for several runs, performed under non-
optimum fuel cell conditions in the Type C cell are summarized in Table XXV.
Membrane resistivities (Column 10) calculated from the AC resistance
(Column 7) are in the 20 - 40 ochm-cm range. A value of 30 ohm cm would be
considered a representative value for operation under fuel cell conditions at
65°C.

Interesting aspects depicted in this table is
the slight tendency for the AC or ohmic resistance to decrease with the use of
humidified hydrogen, indicating that indeed, there is some membrane drying
action with increasing temperature. However, overall the membrane resistance
for each test does not appear to vary significantly with temperature. The
lower performance below 65°C cannot be explained in terms of membrane
resistance. From Column 6 it appears that generally about 20 - 50% of the

total resistance of the fuel cell is due to the chmic resistance of the membrane.

Figure 49 is given a polarization curve from
the highest performance run obtained for this program (Test 6 ). If it were
assumed that the membrane resistivity were reduced from 30 ohm-cm to
1 ohm-cm, assuming everything else remains constant, then the voltage
would be 0. 84 volts at 30 ma/cm2 and 0. 82 volts at 50 ma/cmzo It is our
belief that the resistivity of the zirconium phosphate could be reduced to that
level through continued improvement in membrane composition and structure.
This would evolve around a study of improved zeolite systems.

4,3,5,2. Fuel Cell Tests with Four-Inch Diameter
Membrane

An enlarged version of the Type C compact

fuel cell described above in Section 4.3.1 and 4.3.2 was designed and
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constructed to accommodate a four-inch diameter membrane. A photograph
of the enlarged version is given in Figure 50. The results obtained for two

tests with this unit on four-inch diameter membranes are given in Table XXVI.

Test 85 involved a standard C200B membrane
without any special treatment. The relatively low performance of this test
after 74 hours of operation at 65°C appeared to be due to inadequate distribution
of reactant gases over the entire area of the backup plate. Consequently, gas
diffusor plates were installed in both compartments as illustrated in Figure 51.
Test 86 was run with this modification as well as with the platinum impregnated
membrane. At a current density of 30 ma/cmz, a voltage level of 0. 724 volts
was reached which is comparable to the results for the better tests with the
two-inch diameter membranes. This demonstrates that four-fold increase in

the area of the membrane has little or no effect on fuel cell performance.

4.4 Recommendations for Future Work

The principal conclusions from this program are that a performance
level of 0. 77 to 0, 78 volts at 30 ma./c:m2 and of 0. 71 volts at 50 ma/cmz is
possible for the inorganic membrane fuel cell. In addition this type of fuel cell
can perform continuously for as long as at least 1200 hours and the upper

temperature limitation for operation is now at least 15 1°C.

It is recommended that future work with the zirconium phosphate
system be directed towards decreasing the resistivity of the membrane from
what is apparently at the 30 ohm-cm level during fuel cell operation to the
1 ohm-cm level. This could be done through the use of more active water-

balancing agents than '"Zeolon - H."

Additional studies of electrode structures of the type of the
American Cyanamid Type AA-1 tantalum screen electrode, wherein the platinum
loading is raised to 20 mg/ cmz would be helpful. Palladium black or platinum

black mixtures could be useful.

Further studies of the backup plate design should be conducted,
especially from the standpoint of improving the diffusion pattern of reactant

gases through the plates and over the electrode surfaces.
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APPENDIX A

TRANSVERSE STRENGTH MEASUREMENTS

Transverse strength or modulus of rupture was chosen as the mea-
sure of membrane strength. The reasons for the choice of this characteristic
include the fact that modulus of rupture is a measure of both compressive
and tensile strength and it is readily determined as compared to compressive
strength or tensile strength. Transverse strength was also selected as the
measurement for catagorizing membranes for strength as the use of mem-
branes in the fuel cell would subject them to transverse loading characteristics.

Modulus of rupture is calculated from the formula M = -S—IC— where

M is the modulus of rupture, S is the maximum bending moment, C is the
distance to the fiber carrying the greatest stress, and I is the moment of
inertia. Applying this equation specifically to a rectangular prism it be-

comes M = é—vilz where M is the modulus of rupture (transverse strength)

in lbs/inz, %S}')}lls the load in lbs, 1 is the distance between the knife edges in
inches, b is the specimen width in inches, and h is the thickness of the speci-
men in inches. The apparatus originally designed ard ccnstructed for measur-
ing transverse strength is shown in Figure A-1, Specimens having dimensions
of 4x1x0. 030 in, were cut from experimental membranes and supported on
two knife edges spaced 1.5 inches apart on one pan of a double beam trip
balance. By adding water to the beaker placed on the opposite pan of the
balance at a fixed rate of 45 grams/min, a load increasing at a constant rate
was applied at the center of the membrane. Water flow was stopped at the
break point, and the weight required to break the test specimen was deter-
mined. The transverse strength was calculated from the weight required

to break the sample and the observed physical dimensions of the test specimen.

The modulus of rupture data which was obtained was reported along
with standard deviation from the mean. Standard deviation gives the interval

in which the true average probably lies 68% of the time.

Although adequate for the preliminary screening of compositions for
strength, it was found that this test equipment introduced numerous variables

and errors, Accordingly, the test method was revised so the variables
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could be controlled and the errors substantially reduced. The revised
transverse strength apparatus is shownin Figure A-2. It consisted of a

rigid supporting beam holding the two sample supporting knife edges. These
knife edges were attached to the beam so as to provide a 1 inch test span.
The third knife edge is a 1/8 inch drill rod attached to a wire saddle. A
plastic beaker hung from the wire saddle is used to catch the water which is
added at constant rate, loading the test piece until it breaks. Thé redesigned
test equipment was checked for squaredness of loading and calibrated using

samples of 96% aluminum oxide of known strength.

Along with the redesign of the transverse strength test equipment
substantial improvements were also made in thebpreparation of transverse
strength samples. The improved method of sample preparation consisted
of cementing the experimental membrane to a porous ceramic tile using a
1:1 mixture of rosin and beeswax. The surface of the tile was. coated with
a thin, uniform layer of the cement and the experimental membrane was
then pressed against the wax coated tile. Upon cooling, the membrane was
firmly held to the tile. The transverse strength samples were cut from the
experimental membrane using a 0. 012 in. thick, bonded diamond wheel. The
wheel was mounted on a Hamco metal saw equipped with a power infeed.
Water containing a small amount of soluble oil was used as a coolant. Trans-
verse strength samples prepared by this technique were free from edge chip-
ping and cracking and could be cut precisely so that exact dimensional speci-
fications could be maintained. Three 1/2 in. wide samples were cut from
each experimental membrane disc making it possible to readily increase the
number of transverse strength measurements which could be made for any
given composition. After cutting, the wax was removed by soaking the assem-
bly in acetone. The transverse strength samples were washed in clean

acetone and oven dried at 150°C for one hour prior to testing.
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Figure A-2. Improved Modulus of Rupture Test Apparatus
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APPENDIX B

APPARATUS FOR MEASURING CONDUCTIVITY
AND WATER ABSORPTION OF MEMBRANES

A controlled atmosphere thermobalance was constructed in order to
carry out these experiments. Basically it consisted of a McBain balance
employing a quartz spring. The membrane is suspended in a tube furnace.

The balance system is isolated from the room air, and the water vapor content
of the gas in the system is controlled. Thus, the temperature and humidity of
the atmosphere can be independently varied, and the water adsorbed by the
membrane can be measured as a weight change. A photograph of the apparatus

is shown in Figure B-1 and a functional diagram in Figure B-2.

The gas containment system consists of two sections of 3-in. diameter
pipe. The main portion is a length of copper pipe inside the furnace. Its heavy
walls and high thermal conductivity aid in obtaining a uniform temperature in
the furnace. A small copper thermocouple trace tube is silver-soldered inside
the copper pipe. A movable thermocouple is placed in this tube so that the
temperature at any point along the length of the furnace can be measured.

This chromel-alumel thermocouple is connected, through an ice bath cold
junction, to a Leeds & Northrup potentiometer. The lower end of the copper
pipe is closed with a copper plate through which the gas inlet tube is connected.
A gas exit is provided near the upper end of the copper pipe. The upper end

of the copper pipe, above the furnace, is bolted to a section of 3-in. glass pipe.
The upper end of the giass pipe is closed and contains a hook for the quartz
spring. Condensation of water in this portion of the apparatus is prevented

by the use of heating tapes and infrared heat lamps.

The apparatus employed for measuring water adsorption equilibrium
was adapted in order to determine tke influence of the partial pressure of
water vapor upon the conductivity of membranes at various temperatures,
inciuding temperatures above 100°C. The glass assembly employed in the
water adsorption apparatus was removed and replaced by a brass plate on the
top of the tube furnace. By means of three threaded rods mounted in this brass

plate, a series of electrodes was held in a horizontal position in the tube

SM-46221-F B-1



furnace. A photograph of the electrode assembly is shown in Figure B-3 and
the entire apparatus is shown in Figure B~4., Temperature control and
measurement, as well as humidity control, were accomplished as described

previously.

The electrical resistance of membrane materials was measured by
the alternating current bridge and auxiliary electronic equipment described
in the body of this report. Platinized platinum electrodes were employed in
the measurement of the alternating current resistance for all materials.
Resistance was measured directly without using any capacity compensation at
each of three frequencies (1000, 400 and 100 cycles/sec). For uniformity,

all resistance measurements were reported at 1000 cycles/sec.
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Figure B-3. Electrode Assembly

e/3A7

Figure B-4. High Temperature Conductivity Apparatus
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APPENDIX C

OPERATING PROCEDURE FOR FUEL CELL

A. Cleaning and Assembly

1. Remove "O'" rings and Teflon insulating inserts from the steel
housings. Dislodge loose dirt with brush and/or air hose.
Scrape off traces of hardened grease and/or epoxy resin. Clean
the interior surfaces of the housings with acetone. Blow out

gas inlets and outlets with the air hose.

2. Scrape expoxy resin from the steel electrode back-upplates. Clean
holes in plate and plate surfaces with pipe-cleaners and acetone.
Sand both surfaces of the plates lightly with emery cloth to

insure good electrical contact with electrodes and with cell

leads.

3. Position cleaned Teflon inserts, O-rings, and central Teflon
gasket.

4, Assemble the electrode-membrane combination as follows:

a. Cutwithscissorstwo?l. 0''"diameter electrodes from American

Cyanamid No. AA-1 membrane electrode materials,

b. Using one horizontal steel electrode back-up plate (dia-
meter 2. 14") as a support, place upon it the 2. 0" ceramic
membrane to be used in the fuel cell run. Sprinkle platinum
black through a 200 mesh seive to cover the membrane
uniformly. (12-14 mg/cfnz) Cover the 2. 0" membrane with
one 2. 0" electrode, followed by the other steel back-up
plate, and invert the resulting sandwich. Remove the now-
uppermost plate, sprinkle the exposed membrane surface
in a like manner with platinum black, cover the treated
surface with the other 2. 0'" electrode and replace the steel

back-up plate. Clamp the sandwich with a C-clamp.
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c. Fill around the central grove of the "sandwich' with epoxy
cement previously prepared in the following way: Mix well,
equal parts of Genepoxy 190 and Versamid 140 and let stand
at room temperature 4 to 6 hours (or at 90°C 2-4 min. )

until the properly tacky consistency is achieved.

d. Allow the epoxy cement to harden (2-4 hours). If neces-
sary, scrape off excess epoxy cement to permit the cemented
sandwich to fit into the lower housing. Check the resistance
of the assembly with & meter to insure the absence of shorts,

etc.

If the electrode assembly is to be pre-conditioned by immersion,
dip the back-up plate - electrode-membrane "sandwich'' into
distilled water (immersion time: 10 Sec.). After the immersion,
remove the excess water from the holes in the back-up plates
with an air stream and dry the assembly. Re-measure the
resistance of the assembly, which will have been sharply de-

creased.

Connect the lower electrical lead to the lower back-up plate and
insert the assembly into the O-ring seal in the lower housing.
Fill the circumferential narrow aperture between assembly and
housing with vacuum grease. Bring the upper housing to a
position above the lower housing, thread the upper electrical
lead through the coil spring and connect the lead to the upper
back-up plate. Position the spring and lower the upper housing
carefully into position, which operation will slightly compress

the spring. Secure the housings with four (4) bolts and nuts.

Check the electrical lead exits through the copper T-fittings at
the top of the copper tubing gas exit lines, to insure that the
Teflon spaghetti insulation protrudes above the corks in the
upper ends of the T-fittings. Seal the corks around with vacuum
grease so that the exit gases will flow exclusively out the exit
lines. Once again, check the cell resistance across the cell
leads to guard against loose connections or invisible shorts

between cell leads and copper tubing.



. 8. Submerge the cell in position in the sand bath (the air stream
through the bath must be on) and clamp in position by the vertical
copper tubing gas lines. Connect the gas inflow lines by copper

fitting to the copper tubing lines leading from rotometers to cell.
9. Connect electrical leads to circuit diagrammed in Figure C-1.
10. To begin operation of the cell, proceed as follows:

a. Turn on voltmeter, air and heatertosandbath, power supply

(operates as a constant current device) and gas cylinders.

b. Set sand bath temperature controller and gas flowmeters to

desired values.

c. Set the cell on short circuit across the ammeter (i.e.,

eliminate the constant current device from the circuit).

d. When the current generated by the cell on short circuit has
built up to several hundred milliamperes (time required
about 30 minutes in the case of preconditioned cells, about
2-3 hours or longer in unconditioned cells) put the constant-
current device (Power designs, Inc. ) into the circuit, setting

the current at the desired level.

e. Permit the cell to rise to maximum voltage at the assigned

current and proceed.
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APPENDIX D

MASS AND HEAT TRANSFER ANALYSIS OF OPTIMUM
FUEL CELL DESIGN PARAMETERS

The operation of a hydrogen-oxygen fuel cell is particularly sensitive
to the proper water balance existing between the rates of water vapor removal
from the electrode surface. Failure to maintain the optimum water balance
about the electrodes would result in either a drowning or dehydration of the
membrane-electrode composite. Consequently, a mathematical analysis was
conducted to determine the optimum engineering design parameters for a flow-
type fuel cell. The design will be formulated in terms of three dimensionless

parameters; namely, the relative gas velocity (\-r b/Dv)’ relative mean discharge

humidity (I-I/HS) and the relative width of gas passage (l;-).

Mass Transfer Analysis

In principle, water is generated at the catalyst interface which sweats
through the electrode surface. Simultaneously, the vaporization of water vapor
into the gas passage serves to remove the heat generated in the electrolyte-

bearing membrane, the primary mode of heat removal.

The water removal process is formulated quantitatively by writing the
differential equation about a differential element of gas in the flow stream.

It is given by Equation (1) below.
v (3H/32) = D (3%H/3% %) (1)

Equation (1) describes the equality between the convection of water vapor
along the gas passage and the diffusion of water vapor across the flowing
stream. The boundary conditions, given below, to this mass transfer problem

depict the surface conditions of the electrode.

(2)

H=Ho at X = O and z

1
(e}

H = H at X o and z (3)

s

n
©
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Figure D-1. Discharge Gas Humidity vs Fuel Cell Geometry

SM-46221-F D-2



O. 4 "
Discharge Humidity of Single Cell A=0. 95 H_
Membrane Temperature = 100°C
0.3
>
A
~
0
>
]
o
~
g 0.2
]
. \\
0
0 0.1 0.2 0.3 0.4 0.6
Width of Gas Passage, b/a
coers

SM-46221-F

Figure D-2. Optimized Fuel Cell Design



The solution to this system of equations for the gas humidity profile in the plane

or the discharge port is given below.
- =.2 1/2
(H - Hs) / (Ho - Hs) = erf (vb /4aDV) (4)

By integrating Equation (4) across the width of the gas passage, the average

discharge humidity H of the gas leaving the fuel cell is given as follows:
= _ (=2 1/2
(H - Hs) / (HO - HS) = (vb /4ﬂaDV) (5)

Equation (5) is presented graphically in Figure D-1,

The optimum engineering design parameters are obtained graphically by
plotting the relative gas velocity (v b/ DV) versus the relative width of the gas
passage (b/a) at constant values of the relative mean discharge humidity
(}_{/Hs). Figure D-2 is based upon (FI/HS) = 0.95. For this discharge humidity,
the optimum design parameter (b/a) is 0.208. This is essentially the prevailing
cell geometry for the Astropower compact fuel cell(.a) Exceedingly lower values

would result at increased saturation of flowing gas.

In conclusion, the mathematical analysis resulted in the determination
of the engineering design parameters pertinent to the optimum operation of a
hydrogen-oxygen fuel cell. In general, design curves similar to those of
Figure D-1 can be used to evaluate the discharge gas humidity, H as a function
of the gas velocity, v and the width of the gas passage b. The optimum dimen-
sionless design parameters (I:I/Hs) (v b/DV) and (b/a) evaluated in this analysis

can be determined from curves similar to those of Figure D-2.

Heat Transfer Analysis

A mathematical analysis was conducted to determine the heat rejected
from the electrodes of a fuel cell. The heat generated over the surface of the
electrodes due to the electrochemical reactions and IZR losses is assumed to
be uniform over the entire area. It is dissipated by the process of water
vaporization to the flowing gas stream, thereby, increasing the discharge

gas temperature for a specific gas velocity.

(2) Type C.
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To describe this thermal behavior of the flow type fuel cell, an energy
balance was written across a differential volume of flowing gas. Under steady

flow conditions, the resultant heat transport equation is given below.
- N 2 2
pC,v, BT/32) = k(3" T/3x7)

Equation (6) represents the balance between the convective transport of energy
along the flow path and the thermal transport of energy across the flowing gas

stream by conduction.

The boundary conditions, being of the homogeneous type, are formulated
on the basis that the heats of electrochemical reaction are generated at a
constant rate, q; over the entire electrode surface. The equivalent expressions

are given below.

T = T at z = 0 between (o <x <Db) (7)
_3T/>3 z)X=O = qo/k at x = 0 between (o <z < a) (8)

The analytical solution to Equations {6), (7), and (8) in terms of dimen-

sionless parameters is given below.

/2

T/TO = 1+ (qo/kTo) (4ﬂka/pCp\_/)1/2 erf ('\-rx2 pCp/4ka)1 (9)

Equation (9) represents the temperature profile across the flowing gas stream
in the plane of the discharge port. Although the minimum thermal variation
will occur at gas rates in excess of the stoichiometric limits, the maximum
increase in the gas temperature at the electrode surface is attained at high
cell efficiencies for a fuel cell operating under adiabatic conditions at the
stoichiometric ratio of the reactants. Under these conditions, the thermal
ratio (Ts/to) at the electrode surface could exceed the bulk stream value by

120 percent,
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Nomenclature

SM-46221-F

gas density, 1b mass/ft3

heat capacity, Btu/(lb mass) (°R)

gas velocity, ft/sec

Temperature, °R

Position along gas flow, ft

Thermal conductivity, (Btu) ft/(sq ft) (sec) °F)
Position across gas flow, ft

Width of gas passage, ft

Length of gas passage, ft

Heat flux at electrode surface, Btu/(ftz) (sec)
Inlet gas temperature, OR

Humidity of gas stream, lb mass water/lb mass gas
Molecular diffusivity, sq ft/sec

Average gas humidity, 1b mass water/lb mass gas

Saturated gas humidity at electrode, 1b mass water/lb mass gas

Inlet gas humidity, 1b mass water/lb mass gas
Probability integral

Complement of probability integral



